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ABSTRACT

A conference on the November 1960 solar-terrestrial events
was held at the Air Force Cambridge Research Laboratories,
Hanscom Field, Bedford, Massachusetts, February 15 to 17, 1961.
Data on solar and geophysical observations and their theoretical
interpretations by the scientific staff at AFCRL are presented. The
solar-terrestrial events are unique in that they provide information
on solar particles of cosmic -ray energies and on geophysical and

propagation effects of the cosmic-ray flares.
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PREFACE

This collection of papers is a representative selection of the

research done at the Air Force Cambridge Research Laboratories

relating to the November 1960 Solar-Terrestrial Events. Some of

this material was presented at, or arose from, the Conference on

the November 1960 Solar-Terrestrial Events held at Bedford,

Massachusetts in February 1961. Furthermore, a number of these

papers have been, or are in process of being, published in other

journals. They have been collected here in order to give an integrated

picture of AFCRL work in this area. Additional material not yet fully

analyzed has been omitted in order to avoid further delay in publication.

Two of the authors represented here, T. Obayashi and B. Sandford,

were visiting scientists at the Geophysics Research Directorate.

It is hoped that this collection will be useful to others working in

this fascinating area of the geophysical effects of solar flares.

v



CONTENTS

1. Resume of the Conference on the Solar-Terrestrial Events
of November 1960, T. Obayashi 1

2. Solar Effects on Propagation With Special References to the
November 1960 Cosmic-Ray Flares, J. Aarons 21

3. Polar-Glow Aurora in Polar-Cap Absorption Events,
B. P. Sandford 65

4. Irregular Lunar Reflection Polarization Changes Noted in the
Presence of Aurora, J. Klobuchar, J. Aarons,
H. Whitney, and G. Kantor 93

5. Emission of Carbon Group Heavy Nuclei From A 3+ Solar
Flare, H. Yagoda, R. FUz, and K. Fukui 101

6. Backscatter Measurements at 19 Mcps During the
November 1960 Events, C. Malik and R. Hartke 107

7. Radiation Studies From Nuclear Emulsions and Metallic
Components Recovered From Polar Satellite Orbits
(Abstract), H. Yagoda 113

8. Radioactivity Produced in Discoverer XVII by November 12, 1960,
Solar Protons, J. T. Wasson 115

9. X-Band 84-Foot Radio Telescope, S. Basu and J. Castelli 125

10. Photometric Observations of 6300 A 0 I at Sacramento Peak,
New Mexico During November 1960, S. M. Silverman,
W. Bellew, and E. Layman 131

11. Radioactive Cobalt and Manganese in Discoverer XVII
Stainless Steel, J. T. Wasson 147

12. Magnetic Activity Associated With the 12 November 1960 Event,
E.J. Chernosky 157

vii



/ I

RESUME OF THE CONFERENCE ON THE
SOLAR-TERRESTRIAL EVENTS OF NOVEMBER 1960*

Tat suzo Obayashit

ABSTRACT

A conference on the November 1960 solar-terrestrial events was
held at the Air Force Cambridge Research Laboratories, Hanscom
Field, Bedford, Massachusetts, February 15 to 17, 1961. The results
obtained at the conference are summarized and include data of solar
and geophysical observations and their theoretical interpretations. It
has been concluded that the solar-terrestrial events of November 1960
are unique in that they provide not only information on solar particles
up to cosmic- ray energy ranges, but also knowledge of existing inter-
planetary magnetic fields. Some important discoveries made in the
November events are also described briefly.

1. INTRODUCTION
A conference on the November 1960 solar-terrestrial events was

held at the Air Force Cambridge Research Laboratories, Hanscom Field,
Bedford, Massachusetts, on February 15 to 17, 1961. This conference
was organized by J. Aarons and S. Silverman of the Air Force Cambridge
Research Laboratories, and the author who represented the Arctic Insti-
tute of North America. Approximately one-hundred scientists partici-
pated, and fifty- seven reports were presented on solar observations, cos-
mic rays, rocket and satellite measurements in outer space, ionospheric
soundings, geomagnetism, and aurorae. At the completion of the confer-
ence, interpretations and theoretical discussions of the events were sum-
marized.

This report is mainly concerned with a brief description of the events
and a model of the solar- geophysical disturbances which has emerged
from the discussions at the conference. Since the meeting was held only
a few months after the events, observational materials are provisional

* Published as Arctic Institute of North America Research Paper No. 14.

t Arctic Institute of North America; now at Ionosphere Research
Laboratory, Kyoto University, Kyoto, Japan.
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and conclusions are still incomplete. It may be very important, how-

ever, to report the overall picture of the events and the tentative con-

clusions, which to date appear to be consistent. It is hoped that this

report may stimulate further studies on the November events in order

to reach a better understanding of solar-terrestrial disturbances.

2. PHENOMENOLOGICAL DESCRIPTION OF THE NOVEMBER EVENTS

A series of events occurred during November 1960 which were un-

doubtedly the most outstanding and complicated solar-terrestrial phe-
nomena in recent years. Three solar cosmic-ray events were observed

which were associated with intense solar flares. The geomagnetic

storms that followed were extremely severe. The upper atmosphere
was very disturbed and displayed unusually bright aurora and airglow.

The major events that have been reported so far are listed in Tables 1

and 2. There were at least eight important solar flares that have been
identified as the possible source of major terrestrial disturbances. All
flares except those on November 6 originated from the same active region,

the McMath Plage Region 5925, which passed the central meridian of the

sun around November 12. Three of them, on November 12, 15, and 20,

produced energetic solar cosmic rays detected at sea level. Three major

geomagnetic storms occurred that were accompanied by large Forbush-

type decreases of cosmic rays. Solar phenomena, geomagnetic activity,

and records of cosmic rays and ionospheric absorptions (f min) near the

geomagnetic pole are illustrated in Fig. 1. Details of these phenomena

are given in subsequent individual descriptions.

2. 1 November 12 Event
An intense flare started 1323 UT on November 12 near the central

meridian of the sun, which a few days earlier had had an active region.

The flare developed from 1325 UT, and reached a maximum at 1330 UT.

An outburst of solar radio emission of spectral Type II was observed

between 1327 to 1331 UT at 200 Mcps, and then a strong outburst of
Type IV (continuum radiation) followed, reaching a maximum from 1330

to 1350 UT and fading out by 1800. The Ha intensity curve at McMath-

Hulbert Observatory and radio outbursts at Nera, Netherlands are re-

produced in Fig. 2.
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As some observers pointed out, the Ha record of this flare re-
sembles closely that of cosmic ray produced flares such as those of

February 23, 1956 and July 16, 1959. In fact, the most outstanding
feature of this flare was the production of energetic solar cosmic rays.

At 1340 UT, about 10 minutes after the onset of the major radio out-
burst of Type IV, a distinct increase in the cosmic- ray flux was ob-
served at most neutron monitor stations in high latitudes. As shown
in Fig. 3 from the record at Deep River, after a gradual rise the flux
intensity reached a maximum in about 2. 5 hours and then decreased
until a sudden rise occurred near 1900 UT. The second increase had

a maximum at 2000 UT exceeding 100 percent above the normal level
and then a smooth recovery followed until about 1030 UT on November 13.

It has been noted that the solar flare and radio outburst intensities

were substantially reduced after 1500 UT, and that there was no resur-
gence or new flare outbreak between 1800 and 2000 UT that could pro-

vide an obvious solar explanation for the second increase in cosmic rays.
Therefore, the complex time variation of cosmic rays observed in this
event must be understood in terms of the modulation effect upon the orig-
inal flux of solar cosmic rays.

In this respect, geomagnetic storms which occurred in this period

are of particular importance, because they provide the information on
any existing solar plasma cloud in space and on the outer geomagnetic
field where solar cosmic ray particles might interact and likely be modu-
lated. In fact, two sudden commencements (SC) of geomagnetic storms
were noticed in the earlier part of the event at 1348 and 1846 UT on
November 12. Magnetograms obtained at Hiraiso Radio Observatory are
shown in Fig. 4. Unlike the first SC of the geomagnetic storm, the

second one occurred right after the beginning of the main phase of the pre-
ceding storm. It was clearly seen, however, in magnetograms obtained
at most equatorial stations. Furthermore, a very sharp Forbush decrease
of cosmic- ray flux, which was observed in meson monitor records, fol-
lowed soon after the second SC. Since almost all sudden Forbush decreases

follow SC's of geomagnetic storms within a few hours, it is rather
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FIG. 2. Ha and radio outbursts records of the solar flare on
November 12, 1960. (H. W.Dodson, McMath-Hulbert, Obs., and
A. D. Fokker, P. T. T., Netherlands)
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FIG. 4. Magnetograms of H-component observed at Hiraiso Radio
Observatory geomagnetic latitude 26 0 N, on November 12 to 13, 1960.
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convincing that the SC at 1846 UT is a really important one. It should

be noted that the second large increase of cosmic-ray flux coincides

with nearly the time of onset of a geomagnetic storm. As will be dis-

cussed later, this fact is essential in order to explain the complicated

structure of this solar cosmic- ray event.

As has been noted in Table 2, these SC's probably originated from
the earlier flares on November 10 and 11, respectively. Therefore,
at the time of the flare of November 12, solar plasma clouds responsible

for these storms were in the vicinity of the earth, but not yet enveloping
it. It appears also reasonable to presume that a conspicuous sharp SC
and a Forbush decrease at 1021 UT on November 13 were caused 21
hours later by a plasma cloud ejected from the flare relevant to the

solar cosmic- ray event.

In the polar ionosphere, soon after the solar flare of November 12,
the polar-cap absorption event, which was noted by riometers as well as

vertical ionosondes, started. There was also some indication that a weak
polar-cap absorption had already been in progress near the geomagnetic
pole as early as 0100 UT on November 12. A more pronounced increase of
absorption was, however, certainly started around 1400 UT. The rio-
meter records at Cape Jones (Fig. 5) illustrate that the absorption at
30 Mcps went up steadily and reached beyond the dynamic range (12db)

by 1800 UT. The 60 Mcps riometers at Ottawa and Churchill, however,
showed a sharp increase in absorption at approximately 1900 UT, coin-
ciding with the time of the second cosmic- ray increase. Most other sta-
tions also showed similar time variation, indicating again a close associa-
tion with the onset time of a geomagnetic storm.

It is generally accepted that polar-cap absorptions are caused by the
precipitation of low-energy solar cosmic rays of = 10 to 100 Mev. High
altitude balloon and rocket measurements made in this event revealed the
existence of an enormous amount of low-energy solar cosmic rays. The
result from the Explorer VII also confirmed this. The estimated peak
proton flux above 30 Mev exceeded 105 cm- 2 sec -1 and the exponent of
integral spectrum in this energy range would be approximately -2 to -3.
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Both polar cap and auroral absorption were extremely intense dur-

ing the active phase of the geomagnetic storm of November 12 and 13, and

a remarkable red aurora was seen at as low as 40* geomagnetic latitude.

The F-2 layer appeared to be completely wiped out during a period of sev-

eral hours, as indicated by ionosonde records and by lunar reflection

experiments at Jodrell Bank and Sagamore Hill.

2. 2 November 15 Event

A very similar, almost identical, intense flare was observed on
November 15 at 0207 UT. Radio outbursts which appeared as Type II,

started at 0221 UT and then almost immediately a gradual build up of a
Type IV continuum followed from 0225 to 0700 UT. The records of Ha

intensity and of radio outbursts observed in Japan are reproduced in

Fig. 6. A combined dynamic spectrum drawn by using point frequency

records is shown in Fig. 7.
The cosmic-ray increase associated with this flare (Fig. 8) started

very sharply near 0240 UT and rose in 15 minutes to a rather flat jagged

top. A smooth recovery began about 0500 UT at a rate similar to that

of the event of November 12. Unlike the previous event, there was no

SC of a geomagnetic storm until November 15 at 1304 UT, and apparently

the solar cosmic- ray flux did not show any appreciable geomagnetic

storm effect.

On the other hand, the polar-cap absorption observed by the rio-
meter at Cape Jones showed that a very gradual rise after the flare con-

tinued until the time of SC of the geomagnetic storm. At about 1300 UT

the absorption increased to very high values. Since there exists a marked

sunrise effect in absorption, it is not certain whether the time variation

of this polar-cap absorption event well represents the change of solar

cosmic-ray flux in outer space, or the effect in the ionosphere itself.

Though a geomagnetic storm started at 1304 UT, the magnetic activity

was fairly moderate until 2155 UT when a sudden outbreak of activity

commenced (Fig. 9). This might have been the moment when the plasma

cloud, emitted from the flare of November 15, arrived at the earth after
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Observatory, Japan on November 15 to 16, 1960.
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a delay of about 20 hours. This geomagnetic storm was rather small
compared with the one of November 12 and 13. Therefore, auroral
and ionospheric disturbances were moderate and the southward exten-

sion of the auroral zone was not as remarkable as that of the previous

storm.

2. 3 November 20 Event
About November 19, the active region 5925 had turned around the

western limb of the solar disk, and yet the third cosmic- ray increase
was observed at 2100 UT on November 20. In fact, a spectacular limb

flare was observed, coinciding with the time of the cosmic-ray event.
As shown in Fig. 10, this flare appeared about 2000 UT as a small
mound on the limb, and then a sudden outbreak of brightness occurred
between 2017 to 2024 UT. The flare was certainly beyond the limb, and
its position has been estimated to be about 200 off the west limb. A
strong radio outburst of continuum radiation accompanied the flare from
2027 to 2046 UT. During this period, a remarkable ascending prominence

was seen above the limb with a velocity of the order of a thousand km/ sec.

A distinct yet very small cosmic- ray increase began at about 2100 UT,
after a delay of about 30 minutes from the start of the radio outburst
(Fig. 11). The rise time of approximately one hour was comparatively
slow and after 2300 UT a gradual decay followed until approximately
1800 UT on November 21. This is the first solar cosmic-ray event whose

source has been identified outside the visible solar disk.

3. THEORETICAL INTERPRETATIONS OF THE EVENT
The most outstanding feature of the November events is the emission,

of energetic solar cosmic rays. Three of the events, on November 12,
15, and 20, involved particles above the relativistic energies. There

are some good reasons to believe that the flares on November 11, 14,

and 19 produced the particles of subrelativistic energies (low- energy
solar cosmic rays).

It has been known that most solar cosmic- ray events are closely

related to intense solar flares associated with Type IV solar radio out-
bursts. In this respect, it is consistent that all Type IV outbursts
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observed in this period were followed either by the cosmic- ray in-

crease of relativistic energies or by the polar-cap absorptions that

are presumably produced by the particles of = 10 to 100 Mev. Since

Type IV outbursts are believed to be the synchrotron radiation from

relativistic electrons spiralling in magnetic fields, it is also likely

that such agitated solar plasma-bearing magnetic fields may be cap-

able of accelerating solar protons from thermal to very high energies.
It is not yet clear, however, why only three of them produced rela-

tivistic solar cosmic rays. As has been mentioned, the flares of
November 12 and 15 had features very distinct from other intense

flares; they show the development, after flare maximum, of a very
complex loop-type prominence of absorption features and of large cov-
erage of the nearby spots by a structureless extensive glow. The flare

of November 15 was also seen by the naked eye in pearly white color,
which might be of the synchrotron origin. These facts are very en-

couraging for further studies of this problem.
The time variation of cosmic rays on November 12 is unusual

among other solar cosmic-ray events in the past. The feature of double
peaks is of particular interest because of its unique shape. As has al-
ready been pointed out, any obvious solar origin as the cause of this

variation was ruled out since there was no resurgence or a second flare
which might provide a new source for the second increase of cosmic

rays. Therefore, the time variation of solar cosmic rays on November 12
must be understood by means of the modulation of flux in interplanetary

space or in the outer geomagnetic field.

Since a geomagnetic storm started soon after the flare, a depression
of the geomagnetic cutoff because of the distortion of the field may have

caused an increase of incoming cosmic- ray flux to the earth. It is, how-

ever, rather difficult to conceive the fact that a large second increase
was also observed at Thule, near the geomagnetic pole where the effect

is expected to be very scarce. Hence, this mechanism may explain a

part of the increase observed at latitudes outside the polar cap, but cer-

tainly not be responsible for the substantial part of the second cosmic-ray
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increase. Thus, the modulation of cosmic- ray flux must be taking

place somewhere in outer space beyond the geomagnetic field.

The argument follows that magnetic plasma clouds existing in

interplanetary space play an important role in the modulation of

solar cosmic rays. It has already been suggested by several inves-

tigators that the solar plasma cloud ejected from the flare may draw

out any magnetic field existing in the vicinity of the sun, since the

cloud itself has a high conductivity. As the plasma cloud advances
into interplanetary space, it must form an expanding bulge of mag-

netic lines of force, such as shown in Fig. 12a. Supposing that solar

cosmic-ray particles are injected into this magnetic bulge, then most

particles are trapped inside by magnetic field lines, and advance in
interplanetary space essentially with the same speed as the front of

the magnetic cloud but not with the speed of the particle itself. When

such a magnetic cloud evolves about the earth, as is indicated by the

onset of a geomagnetic storm, a substantial rise of solar cosmic- ray
flux is expected. On the other hand, a magnetic cloud will also act

equally to exclude the cosmic-ray particles coming from outside the

solar system. This phenomenon is the so-called Forbush decrease of
cosmic rays. The condition of this trapping or exclusi3n of cosmic-ray

particles will depend upon the magnetic field strength, the rate of ex-
pansion, and the geometrical shape of the cloud. From the statistics
of solar flares, geomagnetic storms, polar cap absorptions, and Forbush

events, it is known that the magnetic cloud must occupy a substantial

fraction of a hemisphere centered at the sun.

The event of November 12 was exactly the same situation as des-

cribed above. The flare shot out solar cosmic- ray particles when two
magnetic clouds, presumably produced by earlier flares, were advanc-

ing in the vicinity of the earth but not yet enveloping it. Judging from the
onset of two SC's of geomagnetic storms, their distances from the earth

at the time of particle injection were 106 km and 2 x 107 km (1 AU = 1.5
x 108 kin), respectively. Since the first SC was not followed by an ap-

preciable Forbush decrease, there might be little magnetic field associ-

ated with it. The second one, however, had a strong field so that it
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FIG. 12. Schematic diagrams of the interplanetary magnetic fields:
a) Magnetic cloud associated with a solar eruption.
b) Remnants of magnetic fields.



23

induced a large Forbush decrease.

The majority of solar cosmic-ray particles ejected from the sun

were stopped by the inner (second) magnetic cloud and were trapped.

Some of the particles, however, presumably high energy ones, could

leak out through the magnetic barrier and reach the earth before the

arrival of the magnetic cloud. A slow rise and subsequent fall of ob-

served cosmic- ray flux can be explained by this mechanism. The

maximum energy of particles produced the first part of the increase

and would be 5 Bev. The integral spectrum was undoubtedly very steep

(approximately E- ).
Immediately after the arrival of the second magnetic cloud, a very

sharp rise in particle flux was attained. Although the rise was steep,

the increase was simultaneously world-wide, and there was no impact-

zone effect because the particles had already well migrated from the

entire magnetic cloud. The large Forbush decrease, observed after

1930 UT by meson monitors, certainly indicated that the earth entered

within the magnetic cloud from which cosmic- ray particles coming from

the outside of the cloud were excluded. During the period of this second

increase, the low-energy solar cosmic rays became abundant. This con-

dition was detected by rocket and balloon measurements.

The time variation of polar-cap absorption followed a very similar

pattern with two steps of the increase coinciding with the arrival of the

magnetic clouds. This can be explained consistently by the trapping

mechanism of solar particles though the energy range relevant to this is

: 10 to 100 Mev, considerably less than that detected by neutron monitors

at sea level.
The flare of November 12, which produced this cosmic-ray event,

also ejected its own magnetic plasma cloud. The cloud arrived at the

earth 21 hours later and induced an extremely sharp SC and a sudden

Forbush decrease as well. Although the SC occurred during a very active
phase of the previous geomagnetic storm, the sudden impulse was notice-

ably recognized all over the world. It was of considerable interest that

the solar cosmic- ray flux suddenly disappeared after the arrival of this
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plasma cloud. By examining the energy spectrum of incoming particles

it was found that the steep spectrum characteristic for solar cosmic rays

disappeared and a shallow spectrum remained which is common for ga-

lactic cosmic rays.

This fact gives further support to the theory of the existence of the

third magnetic cloud. Solar cosmic- ray particles remained in inter-

planetary space and were swept out by this magnetic cloud. In other

words, the third magnetic cloud excluded both solar and galactic cosmic-

ray particles, and thus the solar cosmic- ray particles were completely

trapped between two magnetic clouds. It is quite possible that solar

particles may be piled up in front of the sweeping magnetic cloud. This

was found to be the case since the polar-cap absorption showed a sharp

increase just before the SC of the geomagnetic storm.

On November 15 there was another increase of solar cosmic rays

associated with an intense flare with a strong Type IV radio outburst.

Unlfike the previous one, this had a much sharper increase and attained

a single maximum within an hour. There was no geomagnetic storm

until late on November 15. At the time of the flare, however, the effect

of Forbush decreases produced by previous magnetic clouds had not yet

recovered. Thus, the earth was still within the huge magnetic cloud and

was connected directly to the sun by fairly well-ordered magnetic lines

of force as illustrated in Fig. 12b. Any particles ejected from the flare

should be able to reach the earth quickly by spiralling .'own such lines of

force. Also, their impact zones may be well-defined since the lines of

force would direct and collimate the particles. In fact, the result of a

careful study has revealed that there was a discrete impact zone, and the

particles were coming apparently from the direction of about 600 west of

the sun-earth line.

Nevertheless, there is a puzzling fact. An SC of geomagnetic storm

occurred at 1304 UT on November 15. Judging from its delay-time, the

plasma cloud responsible for this storm should have originated from the

flare at 0246 UT on November 14. If so, the plasma cloud would have

been about 1/3 AU from the earth in the sun-earth line at the time when
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the solar cosmic-ray particles were injected. Therefore, solar

particles must have encountered this cloud before reaching the earth.

The time variation of polar-cap absorption did show some indication

of this effect, a very slow rise of absorption until about the onset

time of the geomagnetic storm. No appreciable effect was seen, how-

ever, in the records of neutron monitors. Perhaps the magnetic

field in the plasma cloud was very weak, since the Forbush decrease

associated with this geomagnetic storm was comparatively small.

Then the plasma cloud would be rather transparent for cosmic- ray

particles, but still have enough magnetic fields to interact and trap

low- energy solar cosmic- ray particles.

The November 20 event provides still another interesting fact. The

ejection of solar cosmic-ray particles covers a fairly wide angular spread

from the source, and' an appreciable number of particles can arrive be-

yond the visible solar disk. This statement may be valid, however, only

for the case of the flare in the western limb. Of course, statistically, it

seems to be likely that solar cosmic- ray events are larger for the source

near the central meridian.

It may also be worthwhile to note that the delay-time of geomagnetic

storms originating from the cosmic- ray producing flares was unusually

short, 21, 20, and 26 hours, respectively, for the present three cases.

Further, these geomagnetic storms occurred while the preceding storms

were still in the very active phase. There is some statistical evidence

that when two plasma clouds are ejected from the sun one after another

the second cloud travels at a much faster speed than the first one. This

might be related to some complicated situation in the interplanetary mag-

netic fields, although a suitable explanation has not yet appeared.

Several interesting discoveries related to the November events have

also been reported. A strong enhancement of molecular nitrogen bands,
+ 0

especially the first negative band of N2 , at 3914A has been detected in

the polar-cap region during the polar-cap absorption events. The0

luminosity curve at 3914A was very similar to that of the polar-cap ab-

sorption, essentially starting right after the solar flare. The variation
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was very steady reaching a maximum approximately one-hundred times

above normal at the onset of the geomagnetic storm, and then decaying

to normal levels over the next two days. It appeared as an extensive

glow rather than discrete auroral forms. The source of the emission

exists at an altitude of 100km or below, and it seems likely that it is

excited by incoming solar cosmic- ray particles.

Anomalous propagation of VLF radio waves has been confirmed dur-

ing these solar cosmic- ray events. It is believed that the radio waves

propagate via an ionized layer formed by incident solar cosmic rays well

below thp ionosphere.

The material recovered from Discoverer XVII, which was exposed

to the solar cosmic- ray event of November 12, has been under very care-

ful study. An analysis shows that a considerable number of radio isotopes

were produced by the impact of energetic particles, presumably by solar

cosmic- ray particles. A large amount of tritium content was also found.

Since the observed ratio of tritium to argon 37 was much larger than that

expected from the experiment of particle bombardments, it has been

concluded that production of the large tritium content was not from the

bombardment by solar protons, but from tritium in the flare itself.

Severe geomagnetic disturbances during the November events have

offered the opportunity of investigating the geomagnetic storm effect on

the air density of the upper atmosphere as revealed by the orbital motion

of satellites. Appreciable increases in air density at the 200 km level

occurred on November 13 and 15 to 16, coinciding with two maxima of the

geomagnetic activity.

Other prominent phenomena noted in the November events were

strong absorptions in VHF ionospheric scatter propagation in the polar

region, hydrogen emission in auroral spectra, and formation of remark-

able auroral red arcs. Such phenomena seem to be associated with un-

usually severe disturbances dur g this period.
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SOLAR EFFECTS ON PROPAGATION WITH SPECIAL
REFERENCE TO THE NOVEMBER 1960 COSMIC-RAY FLARES

Jules Aarons
ELECTRONICS RESEARCH DIRECTORATE

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

The slowly varying changes and the flaring actions superimposed
on the periodic variation of the sun are discussed and their effects on
the propagation of radio waves and on the ionosphere in general are
illustrated by outlining some of the solar-terrestrial events ascribed
to plage region 5925. Specific reference is made to the cosmic- ray-
producing flares of November 12, 15, and 20, 1960, and the effects of
the particle and radiation emission comprising their flaring action are
touched on. These effects include the sudden ionospheric disturbances
resulting from the ionizing action of the X-ray radiation, the polar-cap
absorption following the arrival on earth of the protons, the magnetic
storms accompanying the corpuscular streams, and the unusual low-
frequency propagation and electron-distribution conditions resulting
from the arrival of the high-energy particles.

1. INTRODUCTION

An understanding of the variability of solar processes is a basic

prerequisite to the study of upper- atmosphere physics. The sun goes

through its sunspot cycle in 11 years, changing during this period from

a quietly radiating body without sunspots to one with many sunspot groups

visible on its surface. Superimposed on this periodic variation are slow

changes and flaring actions.
The theories advanced to explain solar-terrestrial physics have under-

gone the same cyclic and explosive changes that characterize the sun itself.

Within the space of a few years, our knowledge of the effects of the sun

on the upper atmosphere has changed with dynamic force. For example,

texts in cosmic- ray physics written before 1956 have only rather vague

statements about the solar-terrestrial relationship. Physical measure-
ments of the ionosphere above the F layer have been obtained only within

the last few years. The advent of the rocket, the satellite, and the
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International Geophysical Year has extended observations in many

disciplines - in a sense adding a third dimension. As a result, some

of our errors in understanding the structure of the atmosphere and

solar physics have been corrected.

Because this dynamic reconstruction of upper-atmosphere physics

is a continuing process, this paper will undoubtedly become outdated

before it becomes a printed page. With this fact in mind, the descrip-
4

tion of solar-terrestrial observations has been oriented towards ex-

plaining the effects on the earth's atmosphere of one particular dis-

turbed solar region. The solar-terrestriJ history of this sunspot

group will be used to illustrate the usual and the unusual in solar varia-

tions.

2. THE QUIET SUN

The term 'quiet sun' is a misnomer since the sun is never completely

quiet but is only less disturbed during some periods than it is during

others. What is actually meant by the term 'quiet sun' is the absence

of spot groups. If the sun is observed with a telescope having neutral

density filters to cut down on visible light, sunspots or cold regions may

be seen on the disk of the sun. At times when such spot groups disappear

completely from the disk, the sun is said to be quiet. The solar tem-

perature observed during so-called quiet periods may vary greatly, how-

ever, from one time to another. If the temperature of the sun, observed

during periods of total absence of spots from the sun during a sunspot-

minimum year such as 1954, is compared with the observed temperature

measured during a time of total absence of spots at another phase of the

sunspot cycle, such as from 1958 to 1960, there may be a factor-of-two

variation. In order for the solar temperature to reach its lowest values,

the sun must be free of sunspots for many months. Even when no visible

sunspots are present, dynamic processes are taking place near the sur-

face level of the sun.
The observable disk of the sun is called the photosphere. This is

the coldest layer of the sun and the one of minimum ionization. If only
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the photosphere is considered, the solar radius is 700,000 km. When

the sun is quiet, radiation of thermal origin is emitted from the photo-

sphere. The required energy for this radiation comes from the con-

vective heating of the solar surface by the higher-temperature regions

inside the sun. The convective process is transformed into radiation

both on the photosphere and within the layers of the outer atmosphere

of the sun. The radiation of the sun has been observed at wavelengths

varying from 1 Angstrom unit (AU) in the X- ray region to 40 meters in

the high-frequency radio spectrum.

The layers of the outer atmosphere of the sun are the chromosphere

and the corona. The chromosphere lies above the disk of the sun ex-

tending tr -i height of perhaps 15,000 km and is at a higher temperature

than the photosphere. The centimeter radio-astronomy observations

measure in part radiation of chromospheric origin. Above the chromo-

sphere is the _.hna. Decimeter- and meter- wavelength radiation orig-

inates in this region. The radiation centers of importance for radio-

frequency observations lie at heights above the sun ranging from 100,000

to 200,000 km. The corona extends into interplanetary space. Measure-

ments showing coronal effects up to twenty solar radii beyond the surface

of the sun are part of the radio-astronomy literature. In particular, the

annual June measurements of the discrete source in Taurus as it is

occulted by the solar corona show the extent of the corona.

Although energy is radiated from the quiet sun at wavelengths ranging

from those of the short X rays to those of the long high-frequency waves,

only two bands of the spectrum penetrate the earth's atmosphere, with

some attenuation from water vapor and oxygen in the low atmosphere.
These are the visible wavelength region from 4000 A to the infrared, and

the radio band from 24 mm to the long wave upper limit where radio waves

are reflected by the ionosphere (approximately 10 Mcps). The upper

atmosphere, on the other hand is penetrated to varying altitudes by X rays

and ultraviolet radiation. The very act of absorbing the X-ray and ultra-

violet solar radiation and the consequent ionization process produces the

layers of the upper atmosphere.
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The lowest layer, the D layer, ranges in height from 55 km to

80 km above the surface of the earth. The particles in this layer

are ionized for the most part by ultraviolet line radiation, Lyman a

at 1216A emanating from the quiet sun. In the field of propagation
this layer and the earth act essentially as the two surfaces of a wave-

guide for the transmission of waves in the low-frequency range from

10 kcps to 150 kcps. The D layer is also important because of its

attenuation effect on all radio signals, which are partially absorbed

when they pass through it. When an electromagnetic wave probes this

layer, the electrons that it excites in this relatively dense medium

collide with neutral particles and lose energy.
The next two layers, the E and F layers, are produced by X rays

and ultraviolet radiation. They are the portion of the ionosphere most

used for communication purposes. Their diurnal change, their height

variation, and their variation with latitude all depend on the solar-

terrestrial relationship.
The E layer is the ionized region ifL the height range of 80 to 120 km

above the earth. Through various processes the radiation in the 10-to
100-A region of the X-ray band is absorbed in this layer. Ultraviolet

radiation in the range from 100 to 910 A is absorbed at heights below
220 km, with the maximum absorption rate taking place at 180 km, in

the F layer.
The impact of recent scientific developments on making possible the

understanding of the processes of the upper atmosphere is very great.

Although it has long been known that there is solar radiation throughout
the electromagnetic spectrum, the intensity of that portion of the radia-

tion stopped in the upper atmosphere can be measured only by rockets

and satellites. Probes are the only means of accurately obtaining a direct
measure of the composition of the upper atmosphere. The number and

density of the atoms and molecules available for ionization are thus re-

vealed. Before these measurements were possible, much of the theo-

retical work in this field was based on conjecture, since it dealt with two

unknown quantities, - the intensity level of the ionizing radiation and the
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exact composition of the upper atmosphere. Because of the paucity
of observational material, many theories appeared to be possible.

After the satellite and rocket measurements were made, the validity
of the theoretical and laboratory work could be tested and the number
of conjectured theories was drastically reduced.

3. THE DIURNAL VARIATION
Not only does the character of the solar radiation vary with time,

but the observer's relationship to the sun also changes. The observer
is stationed at a particular latitude on a rotating planet, and therefore
his position vis-a-vis the sun varies considerably during the course of
a day. The general subject of this diurnal effect is more suitably cov-
ered elsewhere. The importance of one type of solar observation, how-
ever, the total solar eclipse. in shedding light on the process respon-
sible for the diurnal variation and other solar effects, might well be
mentioned here. As the moon covers and uncovers different parts of the
sun, it is possible to get a detailed picture of how various solar phenom-
ena affect propagation parameters at particular heights. The ionization
process normally associated with sunrise, and therefore with low angles
of elevation, may in many eclipses take place at high elevation angles
since the time immediately following totality is similar to sunrise from
the ionospheric point of view. Then, too, it is possible to study the
effect on the ionosphere of the eclipsing of sunspot regions, the ionization
and attachment processes in the atmosphere, and at totality, the extent
of the outer atmosphere of the sun, the corona. The time of an eclipse
remains an important occasion for studying propagation and solar para-
meters.

4. THE SLOWLY VARYING COMPONENT
As has been indicated, the character of the solar radiation from the

quiet sun and its terrestrial effects are complicated. This complication
is extended manyfold when the sun is active, that is, when spots are
present. Not only are there sudden and spectacular explosive changes due
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to flares from spot regions, which will be discussed in detail in a
later section, but there is also a relatively slow variation associated
with the region surrounding the magnetically complicated sunspots.
It has long been known that sunspots are surrounded by very high mag-
netic fields up to several thousand gauss in magnitude. In most cases,
the field is bipolar with both north- and south- seeking magnetic fields
embedded in one sunspot group, but occasionally a unipolar magnetic
field is present. The slowly varying component of solar radiation may
change within a few hours at the fastest or it may take several solar
rotations, several months, for any change to be apparent.

For many years it has been possible to observe optical'.y the details
of spots on the surface of the sun. More recently, radiL,-astron-inmy ob-
servations have revealed a high density column through the soiAr chromo-
sphere and corona with the sunspot as its base. Considering the portion
of the spectrum below the visible region, rockets have supplied a pictur..
of these concentrated solar areas and measured their intensities at X-ray
and ultraviolet wavelengths. In the radio-frequency band, interfero-
meters have shown high apparent temperatures in the solar chromosphere

and corona above the sunspot.
One of the most basic quantities in solar-terrestrial physics is the

sunspot number R.

R= k(10g+ f)

where f is the number of sunspots, g is the number of groups, and k a
factor dependent on the observer's telescope. The sunspot number R
may vary from 0 to 300 during the course of the sunspot cycle, an average
period of 11 years.

As the sun rotates on its axis, its position with respect to the earth
changes. From observations of individual sunspots or other details on
the solar surface, it has been found that the rotation of the sun is a func-
tion of the latitude of the solar position. At the solar equator, the sun's
period of rotation is 25. 38 mean solar days. The equatorial sunspots
have a greater angular velocity, however, and therefore a shorter rotation
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period, than those near the poles. For practical purposes a mean

rotation period of 27 days is usually used in geophysics.

5. PLAGE AREAS

If optical observations of the sun are made with narrow-band filters

whose transmission is centered on the calcium and hydrogen line emis-

sions, bright enhanced regions are noted in the vicinity of the sunspot

groups. In a solar photograph or spectroheliogram, the plage area re-

sembles a bright beach or sandy region standing out from the dark back-

ground (see Fig. 1). If the sun is observed by radio astronomical tech-
niques in the wavelength range between 1 cm and 100 cm, enhanced radia-

tion is detected in the area abov- the optical plage (see Fig. 2). This

radiation, which changes only over a minimum period of time of a few
hours and may remain constant for days. results from condensation in

the coronal and upper chromospheric regions.
The solar processes taking place in the radiation from the rcgion

above the plage areas are somewhat similar to the quiet- sun radiation.
In both cases, a part of the outward flow of er.ergy near the solar surface

is carried by convection to the surface. A portion of this energy passes,
with very little dissipation, through the surface region and into the solar

atmosphere where it is later dissipaLed in the form of radiation in the

chromosphere and corona. 1 The radio-frequency radiation of the quiet
sun and of the slowly varying plage region are both of thermal origin.

The quiet- sun radiation is due to free-free transitions of the electrons

in the field of the ions. Centimeter wavelengths originate in the chromo-
sphere, and decimeter and meter wavelengths are radiated from higher

regions of the corona. The slowly varying component arises from a con-

densation in the coronal and upper chromospheric regions. World-wide

radio astronomical observations of a particular plage region2 have shown
the apparent rf thermal radiation in the center of activity regions to be

105 OK at heights of 10,000 km above the photosphere (the chromospheric
limits), rising to perhaps 2 x 106 OK at 15,000 :cm, and falling again

to 1.5 x 106 OK at 300,000 km. Individual plage regions will vary both
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FIG. 1. Ha photograph of sun on November 11, 1960 Plage area 5925 is
clearly seen. (Courtesy of Sacramento Peak Observatory, Sunspot, N. M.)
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in their diameter and in the temperature associated with them.

Within the condensation region responsible for the slowly varying

component, densities are higher than in the surrounding corona.

When the most energetic particles in the coronal atmosphere attain a

sufficiently high kinetic energy so that their velocities are greater

than that needed to overcome resistance and the solar gravitational3
field, these particles are emitted from the corona. As the tempera-

ture and therefore the kinetic energy increases, the percentage of

particles that can escape grows in number. The high-velocity parti-

cles from plage regions may well form a low-level corpuscular enve-
lope reaching out into interplanetary space.

The picture of the CA or center of solar activity, then, is of a dense

region of higher apparent temperature than its surroundinrL' , which may

be observed on the disk and in the chromosphere in the light of the visible
band, in Lyman a, and in X rays. When microwave interferometric
equipment is used to observe the area of the plage region, the radiation

of upper layers of the chromosphere and of the corona are recorded; at
these solar altitudes, the radiating source gets wider and hotter. But
when the observations are made at still longer wavelengths (frequencies
of 169 Mcps), the source energy has become extremely diffuse and fre-

quently is not considerably hotter than the surrounding coronal region.
Thus, at centimeter wavelengths the plage region has an apparent temp-
erature many times hotter than the background sun but at meter wave-
lengths it is just slightly hotter than the surrounding coronal region.

6. FLARES
The plage- sunspot areas are the seat of the more spectacular solar

V

phenomena that have a short duration such as flares, which eject streams

of charged particles into which magnetic fields are frozen. Flares are a

sudden brightening of the plage areas observed optically at chromospheric
levels. Their intensity is estimated at each observing station on a scale
of area and brightness. The predominant measure is the area, with the

largest flares labelled 3+ on a scale of 1, 2, and 3. The lifetime of a
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flare varies from a few minutes to a few hours, with its brightness

increasing sharply at the beginning of this time but decreasing more

gradually at the end of the period. A disturbed region of the sun may

produce many flares of varying intensity and area.

When solar observations are made with Ha filters, the presence

of a flare is first indicated by a sudden brightening in the solar chromo-

sphere outlinL.' against the quiet photospheric and chromospheric fea-

tures of the sun. Radio equipment can be employed to deduce the motion

of the flare outward from the solar chromosphere by using radio re-

ceik tuned to different frequencies in the range from 7. 5 Mcps to

9300 And noting the difference in time at which enhanced signals

(indicating the brightening of the flare) are received at the individual

frequencies. The maximum sign-alb are observed first at the high-

frequency end of the spectrum; later the lower frequency bursts are senn.

The plasma frequency of the completely ionized solar atmosphere

is proportional to the square root of the number of electrons it contains.

Each layer in the solar chromosphere and corona has a plasma frequency

associated with it. When the radio signals associated with a flare show

enhanced bursts at a certain frequency, it is an indication that the shock

wave or particle stream emitted by the flare is, at that time, exciting

the solar layer associated with that particular frequency. The difference

in time at which enhanced signals are received at various frequencies can

be translated into height differences in the solar atmosphere, from which

the velocity of the exciting shock wave can be found.

One type of flare of particular importance to terrestrial disturbances

is the Type 11-Type IV flare. A slow drift of the maximum solar signals

from the high-frequency to the low-frequency end of the radio spectrum,

corresponding to a slow excitation or shock wave, is denoted as a Type-il

burst. After the shock wave reaches a certain altitude in the solar atmos-

phere, the nature of the radio-frequency radiation changes. All frequen-

cies radiate from the same position in the solar corona. This radiation

of energy in the radio band from at least 7. 5 Mcps to 9300 Mcps is called
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continuum or Type-IV radiation. The combination of Type-Il shock

wave and Type-IV continuum is the radio-burst configuration most

closely associated with solar-terrestrial events. The continuum
radio radiation is due to synchrotron radiation produced by trapped
relativistic electrons in the solar corona.

When a solar flare develops, the increase of synchrotron radia-
tion is enormous, perhaps by a factor of 105. The electrons above

a sunspot are accelerated to their relativistic velocities and kept in
a tight spiral by the magnetic field surrounding the sunspot. Electrons
radiate a good deal of the kinetic energy they have acquired by syn-

chrotron radiation in the direction of the starting velocity. Protons, on
the other hand, are responsible for only a small amount of radiation

since, when t'. v have acquired the same kinetic :nergy as electrons,
their velocities are much smaller. Relativistic electrons radiate en-
ergy that is proportional to E2, where

2
E - mc

_ 2

Protons, however, radiate a power proportional to their kinetic energy.
Synchrotron energy from the electrons extends down to the X-ray bands.
The protons that have not lost energy by radiation may well be the source
of the increasing flux of protons observed in the polar-cap region of the
earth within one to seven hours after a Type II-Type iV flare.

7. THE SOLAR-TERRESTRIAL HISTORY OF PLAGE AREA 5925

In order to illustrate the eff!,-t of the various types of solar phenom-
ena already described on terrestrial parameters, the history of the pas-
sage of one particular solar region, plage area 5925, across the disk of
the sun will be examined in detail from the time that it came into view
both on the solar disk and as a coronal condensation, through its flaring
stages, up until the time it receded beyond the west limb of the sun.

Plage region 5925 appeared on the eastern limb of the sun on Novem-

ber 6, 1960 in the Northern hemisphere (see Fig. 2). It passed the central
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meridian of the sun on November 12 and disappeared around the west-

ern limb of the sun November 19. During its passage, it gave rise to

a number of large and outstanding flares, which in turn produced a

series of noteworthy terrestrial disturbances, including magnetic

storms, auroras, airglow displays, and blackouts of radio communi-

cations. Some of the most important events 4 ' 5 are summarized in

Table 1.

Shortly after radio observers had noted the high apparent tempera-

ture of this region, flare activity started. The most startling fact

was that three increases in cosmic rays were recorded near sea level

during the passage of this area. Two of the flares responsible for

these increases could be seen in white light when the sun was observed

through neutral density filters.

These three cosmic-ray-producing flares (November 12 - 1322 UT.

November 15 - 0217 UT, and November 20 - 2000 UT) were only the

9th, 10th, and llth such flares observed since 1942. They took place
in the space of eight days. In white-light observations of solar flares,

only 17 had been observed before this series although optical observa-

tions have been carried on over an even greater span of years than have

the cosmic- ray measurements.

Not only were these flares unusual because such rare occurrences

followed each other in rapid succession, but they were also much more

widely observed with a greater variety of equipment than had been the

case with previous cosmic- ray flares. The first flare of the November
1960 group was observed in astronomical and atmospheric observatories

in Europe and North and South America; the second flare was seen in

Australia, Japan, and the U.S.S.R. The after-effects of the flares, the

geophysical and propagation events following them, were observed all

over the world. Among the newer types of measurement that were made

were satellite observations of the cosmic- ray flux at various intensity

levels and ground observations of satellite orbital periods. Sweep-

frequency solar measurements, cosmic-noise recordings, auroral radio
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reflections, and reflections from the moon on radio frequencies were
used to study the solar bursts and the ionospheric medium. These and
many other observations are now available for study and for use in
evolving an integrated picture of the processes at work during this
period.

8. THE EARLIER NONCOSMIC-RAY FLARES
Before the detailed history of the first cosmic-ray flare, that of

1322 UT on November 12, can be fully understood, the earlier solar-

terrestrial events associated with plage 5925 must be examined. Flare
activity started soon after the appearance of this plage region. Two of
the early flares ire of direct interest: the November 10 flare of im-
portance 3, observed from 1009 to 1400 UT and the flare that started

at 0311 UT on November 11 beginning with a smaller area-intensity
product but lasting longer than the November 10 flare. Although both

of these flares were important in forming the magnetic and particle
link between the sun and the earth that influenced the terrestrial effects

of the subsequent cosmic-ray flare, the November 11 flare had higher
energy in the 10-cm radio-wavelength region5 and will be described in

detail.
The available evidence points to the November 11 flare as the source

of a later and important magnetic storm. It was observed optically in
the U. S. S. R. and with radio equipment in Australia and Japan, starting

at 0315 UT. The Netherlands world-wide chain of stations, NERA, also
observed it in many regions of the radio spectrum. Radio observations
of this large flare showed small burst signals suddenly changing at
0318 UT to a Type-Il enhanced outburst of solar radio-frequency emission,
followed by a Type-IV continuum signal at 0330 UT. The Type-il burst
signals indicated that the shock wave from this flare was moving slowly
through the solar atmosphere with a velocity of 500 to 2000 km/ sec.
The adverb 'slowly' is used because some types of burst that are not as
well correlated with geophysical disturbances move with velocities of
0. 2 to 0. 7 the velocity of light. Continuum radiation lasted until the close
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of observations in Australia at 0700 UT. The Nancay Observatory

of th; French Observatoire de Meudon continued to record the Type-IV

continuum. The French group also measured the diameter of the

source of radio radiation and found it to be 2 minutes of arc. This

value holds for all frequencies since, as has been explained in the

section on flares, the continuum is due to synchrotron radiation origi-

nating in the same area of the solar corona for all frequencies in the

radio band from 7. 5 Mcps to 9300 Mcps and is not due to the excitation

of the various plasma frequencies at different heights above the photo-

sphere.

Both the earl'er November 10 flare and the November 11 flare pro-

duced Sudden Ionospheric Disturbances, called SIDs. When a high-

frequency wave used for long-distance communications passes through

the D layer as it is probing the ionosphere, it sets into motion electrons

in this layer. Collisions in this dense atmospheric region between the

oscillating electrons and neutral particles result in absorption of radio-

frequency signals. The emission of X rays from a flare produces an

unusually large number of electrons in the D layer of the earth's iono-

sphere, at a height of from 60 to 80 km in middle and high latitudes.

Increased absorption of short-wavelength radio waves, called short-wave

fadeout, occurs over the sunlit portion of the earth. An example of the
type of backscatter return observed during a SID is shown in Fig. 3.

Since the causal agent is the flare radiation at X-ray wavelengths, the

fadeout ends when the flare ends. The beginning and end of the intense

radiation producing the Sudden Ionospheric Disturbance (SID) can thus
be sharply timed.

The Riometer, or Relative Ionospheric Opacity Meter, is one of the

newer techniques for ionospheric measurements. As it is now used, this

instrument is designed to record the variations at the earth's surface of

cosmic rf noise in the frequency range of 18 Mcps to 60 Mcps. The

main interest in these measurements, however, is that they provide in-

formation about the intervening ionospheric medium and its effect on the

amplitude of the signal level. Absorption in the D and the F- 1 layers of
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the ionosphere will reduce the cosmic-noise signal by varying amounts.
By means of the cosmic-noise measurements, the SID, auroral absorp-

tion, and polar-cap absorption, as well as the normal diurnal variation,
may all be measured quantitatively more accurately than was possible
by earlier methods. Until the widespread use of this technique, ob-
servers frequently reported short-wave fadeout or polar blackout, with-

out having any idea of the decibel decrease in signal level associated
with these phenomena or of the fine- scale variations present within the
period of absorbed or blackout signals. On some types of transmission
circuit, for example, a 3-db decrease in signal level in the 12-to
20-Mcps range might represent a fadeout; in polar regions, absorption

of 26 db has been observed at even higher frequencies.
When all the available measurements are studied, it can be seen that

the noncosmic- ray flare emitted energy in the X- ray spectrum and produced

the SID, one effect of which was the short-wave fadeout; radiation in the
Ha line was observed with optical telescopes; and plasma radiation in
different regions of the solar atmosphere and synchrotron radiation in
one region of the solar corona were produced.

These are the immediate effects. Two other effects have already
been referred to briefly - the emission of protons of slower velocity
than the X- ray radiation, and the plasma cloud.

The flare protons that have not lost energy by radiation are. channeled

by the earth's magnetic field into the polar-cap region, producing ioniza-
tion in the lower ionospheric levels. After several hours have elapsed,
the ionization reaches proportions sufficient to black out all short-wave
transmissions in the polar-cap area.

The high- velocity particles escaping from the corona as the result

of a flare form a corpuscular stream reaching out into interplanetary

space. This corpuscular or plasma cloud travels even more slowly than
does the proton stream. It arrives at the earth from 10 to 45 hours after
the flare. Its effect is to produce a magnetic storm. Such a magnetic
storm started at 1345 UT on November 12, 34 1/2 hours after the
November 11 flare, and probably can be ascribed to the plasma cloud
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from this flare. The November 10 flare could have been the causal

agent, however; no tags exist to determine this with surety.
The plasma clouds have been followed outward from the sun to

perhaps four solar radii. Within the plasma cloud is a frozen mag-
netic field extending back to the sunspot region from which the flare

originated. In the case of the November 11 flare, the solar particles
trapped within the magnetic field were of low energy. Cn the other
hand, particles of cosmic-ray energy were trapped within the plasma

cloud emitted from the cosmic-ray flare of November 12. The mag-
netic lines of force within the cloud, stretching back to the active sun-

spot region, form a magnetic bottle.

9. THE COSMIC-RAY FLARE OF NOVEMBER 12, 1960
The Increase in Cosmic-Ray Count
The large flare that began at about 1322 UT on November 12 was

the first flare from plage region 5925 to result in a large increase of
cosmic rays at sea level.

In Table 1 are summarized some optical and radio observations

of the flare which, although of relatively short duration, was of suffi-
cient intensity to force almost all radio equipments to go off scale. The
flare, as observed by Sacramento Peak Observatory with an Ha filter, is
shown in Fig. 4. Neutron counters over the world recorded an increase
which built up slowly over a span of hours. 6 The increase was much
more gradual than that observed during other cosmic- ray flares, includ-
ing the two later flares from plage area 5925 (see Fig. 5). The reason
for the slow buildup was that the magnetic bottles created by the noncosmic-
ray flares of November 10 and 11 did not yet include the earth within their
configuration. Therefore, in order to reach the earth, the solar cosmic-
rays from the November 12 flare had to diffuse slowly across the existing
magnetic- bottle lines of force extending from the sun into interplanetary

space. In contrast to the slow buildup time of hours on November 12,
neutron counters recorded an increase which rose to maximum in a matter
of minutes following the November 15 cosmic- ray flare.
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FIG. 4. Ha photograph of sun at 1435 UT on November 12. Plage area 5925
is just passing the central meridian of the sun. The November 12 cosmic- ray flare
can be clearly seen obscuring the sunspots of Fig. 1. (Courtesy of Sacramento
Peak Obser• atory, Sunspot, N.M.)
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The Ionospheric Disturbances
The SID, produced by X rays ionizing the D layer, was observed

at 1323 UT over the sunlit portion of the earth, except in regions where
the sun was at very low angles of elevation. Riometer data were taken

at 18 Mcps at Troy, N.Y.; Ann Arbor, Michigan; and Boulder, Colorado.
Similar units recorded observations at 30 Mcps and 60 Mcps at Athens,
Greece; Ottawa, Canada; Kiruna, Sweden; College, Alaska; Oslo,
Norway; and many other areas. Illustrated in Fig. 6 are observations
of absorption at 10 Mcps taken at Sagamore Hill, Massachusetts.

The SID, which usually brackets the flare observations, is a short-
lived affair. The ionosphere ordinarily returns to something akin to its
normal diurnal variations at the end of the intense radiation from the

flare. The sudden-commencement (SC) magnetic storm resulting from
the flares of either November 10 or 11 started only twenty minutes after
the first optical siting of the November 12 cosmic- ray flare. Therefore,
fresh ionospheric disturbances and the resultant absorption seen on
November 12 to 13 followed hard on the November 12 SID.

At receiving stations above the Arctic Circle, such as Kiruna,
7

Sweden, the sun was not above the horizon at 1323 UT. They therefore
did not observe the SID. About an hour and a half after the November 12
flare had been observed, a decrease in cosmic-noise power with a gradient
of 1. 5 db per hr was noted, however. This decrease was not related to the
X-ray-produced SID. It was, rather, a new event which signalled the
arrival of high-velocity protons from the November 12 flare. When these
solar particles, traveling at speeds of 0. 1 che velocity of light, pour into
the polar regions, polar- cap absorption is produced. The continuous bom-
bardment of the atmosphere by the protons produces a high degree of ioni-
zation which, in turn, causes the first phase of the polar blackout of high-
frequency signals. Although polar- cap absorption is usually confined to
geomagnetic latitudes greater than 600, it may occur at lower latitudes
following some large perturbations of the earth's magnetic field such as
those accompanying the 1345 UT November 12 geomagnetic storm caused
by an earlier flare.
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By 1600 UT, the ionosounders at Kiruna were unable to detect the

high-frequency signals reflected from the ionospheric layers. Some-

what south of this observatory at Lycksele, Sweden, a blackout was also

recorded. It was not until two hours later, however, that the iono-

sounder at Upsala, Sweden (near Stockholm) recorded blackout conditions.

The same slow motion of the polar- cap- absorption protons toward the

south was noted by the Canadians in their chain of cosmic-noise receiv-
ing stations.

As time went on, the main phase of the geomagnetic storm, combined
with the visual aurora spreading south, became the most significant

factor in the ionospheric storm. The Canadian chain of stations observed
an increase of absorption at 1900 UT. Kiruna's observations of VHF
auroral reflections between 1755 and 1925 UT coincided with the strongest
geomagnetic activity of the day. H. V. Serson and B. C. Blevis of

Canada's Defense Research Telecommunications Establishment report
reflections from the radio aurora at 944 Mcps at 1830 to 1900 and 2200 to
2230 at approximately the same universal time as the Kiruna observations
were made. Rapidly moving auroral echoes were detected by Stinford

Research Institute during this period. 8

Very- Low - Frequency P ropagation Effects

In order to circumvent the intense absorption of high-frequency propa-

gation during auroral and ionospheric disturbances, long-wave radio trans-
mission (15 to 300 kcps) are often used during these periods. In the case
of these wavelengths the earth-ionosphere acts as a waveguide. An in-
tense noncosmic- ray flare will result in a narrower waveguide with a
more highly conducting surface. This is due to the fact that the incoming

protons from a large noncosmic- ray flare produce lower reflecting layers
in the auroral zone. The layer height is reduced about 10 km so that

signals are then being reflected from 50 or 55 km or lower. The protons
maintain this layer height both day and night during a polar-cap event.

As a result, long-wave propagation in or near the auroral zone maintains
uniform intensity levels. There is no diurnal variation.

But the events of November 12 and November 15 were not normal

I-



51

polar-cap events. The high-energy cosmic-ray particles bombarded

the atmosphere and, as a result, the signal level of the long-wave

transmissions was not increased by was reduced significantly, espe-

cially across the polar cap.

These facts indicate that the energy and the flux of the bombarding

particles are the overriding factors in determining the structure of the

D layer in the auroral zone. The energy spectrum of the bombarding

particles sets the propagation parameters for low-frequency waves

regardless of the normal nighttime processes such as attachment of

free electrons to form negative ions.

The 1900 to 2000 UT Period of November 12, 1960

If all the records are used for intercomparison, it is found that

the following events occurred in the period from 1900 to 2000 UT on

November 12: a large increase in magnetic disturbance, an increase

in cosmic- ray intensity, increased ionospheric absorption, and auroral

reflections. (Figures 5, 6, 7, and 9 illustrate some of the changes

observed.) No new solar burst was recorded during that time, however.

One possible explanation of these events is that a new magnetic storm

started at this time and contributed to the effects of the PCA and the

magnetic storm already in progress. Such a storm may have been pro-

duced by the arrival of the corpuscular stream from the flare of

November 11, in which case the 1345 UT storm would have to be ascribed

to the November 10 flare. Another possibility is that these effects were

due to some modulation of the 1345 UT magnetic storm.

Elect ron- Density Effects

A most vital study for understanding propagation effects is the

determination of the electron- density structure of the upper atmosphere.

Radar techniques of sweeping in the 0. 5 to 25 Mcps frequency range

and reflecting pulses off the ionosphere make it possible to calculate

the electron density vs. height above the earth's surface up to the point

in the ionosphere where the electron concentration is a maximum. The

highest frequency to be reflected at a given height is the plasma fre-

quency or the critical frequency of the layer; it is proportional to the
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square root of the electron density. Newer techniques, described

later, have made it possible to obtain information as to the electron

distribution above the maximum-concentration point in the atmosphere.

Electron-density studies were made at many places during the

November events. World-wide records of November 13 indicate a

decrease in the critical frequency at all sites except those within

about 150 of the geomagnetic equator. The National Bureau of Stand-

ards' records 1 0 at Cheltenham, Maryland from November 11 to 11.'

(illustrated in Fig. 7) show the variations in critical frequency during

the November 12 period as well as the lower critical frequencies that

were obtained all day on November 13. By way of contrast, a critical

frequency 1. 5 times normal was reported on November 13 over the

geomagnetic equator at Concepcion, Chile. It appeared that the maxi-
mum electron density had decreased considerably everywhere but in

the equatorial zone.
Since these studies provide no picture of the ionospheric electron

density above the point of maximum electron concentration, they do

not reveal whether the shape of the complete electron-density curve

had changed, with the electrons redistributing themselves and spread-

ing out in the upper layer, or whether there had been an actual decrease

in the total number of free electrons.

More recent techniques, designed to provide an answer to this

question, use the rotation of the plane of polarization of signals re-

flected from the moon to determine the total number of electrons in the

ionosphere. Jodrell Bank, England, using this technique during the
November period, 11 noted that the total number of electrons had de-

creased on November 13 by a factor of 3 to 5 (see Fig. 8). Whistler
observations 1 2 confirm the reduction in electron density above the

F- 2 maximum for November 13. This information, combined with the

ionosound data, reveals that the electrons had not been distributed in

a different manner within the earth's atmosphere but had actually de-

creased in total number. In other words, in the regiuns somewhat

distant from the equator, there had been a scaling down of the whole
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ionosphere rather than a vertical redistribution of the ionization.

At first glance, this appears to be contrary to what one mould

expect. Two possible explanations, the introduction of another mech-

anism for attachment and association of the electrons produced by the

increased ionizing radiation, and the postulation of a decrease in the

atmospheric density itself so that the ionizing radiation encounters

less atmosphere to ionize in the northern regions, are discussed at

greater length with reference to the November 15 flare.

10. THE NOVEMBER 15 COSMIC-RAY FLARE

Although the ionospheric picture on November 15 and 16 in many

ways echoed that of November 12 and 13, each solar flare and its

X-ray, proton, electron, and plasma corpuscular streams has differ-

ent effects on the earth's atmosphere. The factors affecting the end

results are the intensity and size of the flare, its position on the solar

disk relative to the sun-earth line, the interplanetary config,.:ration of

existing electrons, protons, and frozen magnetic field, as well as the

state of the ionosphere just preceding the flare.

The 3+ flare at 0207 UT on November 15 was almost immediately

followed by an increase in cosmic- ray intensity at the ground level.

Neutron counters recorded a rapid increase which reached its maximum

within a period of minutes in contrast with the slow buildup observed on

November 12 (see Fig. 5). The intensity level remained essentially

constant for about two hours. The cosmic rays from the 0207 UT flare

apparently spiralled down lines of force of magnetic fields from previous

flares. These magnetic lines of force were still connecting the earth and

the sun and therefore rapidly channeled the well collimated solar cosmic

rays to the earth.

A short-wave fadeout (SID) accompanied the flare. The Ha enhance-

ment lasted from 0207 to 0427 UT, the short-wave fadeout from 0220 to

0630 UT. Radio- astronomy observations of the sun revealed Type-Il radi-

ation from 0221 to 0225 UT, followed from 0225 to 0700 UT by Type-IV

continuum radiation at all frequencies from the meter to the centimeter
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wavelength region. Japanese scientists observed the flare in white
light and Australian radio astronomers recorded this as the major

outburst of 1960.
At 1304 UT an SC magnetic storm started. Whether the 0207 UT

cosmic- ray flare was the source of this storm or whether the plasma

cloud originating in the 2+ flare of 0246 UT on November 14 could

have caused it, is a matter of conjecture.
The ionospheric changes, on the other hand, may be clearly de-

fined. On November 16 ionosound data indicated that the critical fre-
quency of the F-2 layer had decreased considerably North of geomag-
netic latitude 540 but had changed little to the south. Ionosound records

at Slough, England at 540 latitude showed a decrease whereas Cheltenham,
Maryland and White Sands, New Mexico records did not show any signif-

icant change in critical frequency. The backscatter results at Sagamore
Hill, Massachusetts, geomagnetic latitude 540, (illustrated in Fig. 9),

showed a gap in the north. This indicates that the ionization was insuf-

ficient to give backscatter in that direction but that in the directions of
east, south, and west the ionosphere could sustain backscatter.

As mentioned previously, two possible explanations have been ad-
vanced for the bunching of electrons around the equator and the deficiency
of electron content near the poles during a severe magnetic storm. The
first-the decrease in recombination rate because of the introduction of
another mechanism for attachment and association-has been considered
by several authors. 13, 14 Satellite observations during the November
events made it possible to obtain measurements to test the second hypoth-
esis (that the density of the atmosphere changed so that the ionizing radia-
tion encountered less atmosphere to ionize in the northern regions).

When a denser atmosphere is encountered, a satellite's orbit is

changed by frictional forces. The encounter with neutral atoms and
molecules forces it to approach the earth's surface. The principle of
Kepler's second law (a satellite will sweep out equal areas in equal time
periods) therefore causes the shortening of the satellite's orbital period
when the density increases.
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On a long-term basis, there is evidence that perturbations in

satellite period may be correlated with the 10. 7-cm flux from the

sun. This flux is basically the slowly varying component. On a short-

term basis, the large magnetic storms produce increases in atmos-

pheric density at 211 altitudes. During November 12, 15, and 16,

satellite observations at altitudes from 200 km to 1100 km indicated

that, although there was an increase in density relative to normal at

all altitudes in this range, the increase was greater at the higher than

at the lower altitudes. These atmospheric density changes are asso-

ciated with the magnetic storms rather than with the flares. 15

Although these observations showed atmospheric- density changes,

no fine-scale changes were discerned v,'-.l respect to latitude. On the

contrary, the indications were that, on the days of November 12 to 13

and November 15 to 16, the atmospheric density had increased on a

world-wide basis. This would seem to indicate that, at least during

this period, the hypothesis that the atmospheric-density variaticns

were responsible for the equatorial bunching and the polar defiziency

of electrons was not valid.

11. THE NOVEMBER 20 COSMIC-RAY FLARE

The disappearance of the center of plage region 5925 beyond the

west limb of the sun took place on November 19. Yet, at 195b UT on

November 20, a flare was observed rising from beyond the limb into

the solar atmosphere. The University of Colorado High Altitude Observ-

atory photographs of this limb flare are shown in Fig. IA0. A swept-

lobe interferometer of Rensselaer Polytechnic Institute at Troy, N. Y.,

operating at 517 Mcps first recorded the event at 2020 UT when the

particles had penetrated the lower corona. By 2030 UT, when the cor-

puscular cloud or shock wave coulci be observed optically at 250,000 km

beyond the limb, the radio center of gravity was approximately 6 min-

utes from the optical limb. At 2037 UT, the radio measurements indi-

cated that the intensity had increased to 5. 5 times the quiet- sun level;
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the position of the burst had dropped back to about 13 minutes from

the solar center. 16

The limb-flare observations graphically illustrate the movement

of the flare, that is its slow movement into the solar corona and
finally the movement of the center of gravity of the cloud or shock
wave back to the solar disk.

In the case of the November 20 flare, the cosmic-ray count observed
on the earth at satellite heights was small compared to that accompany-
ing the November 12 and November 15 events. There was in increase
from 21 to 980 particles per cm2 above the threshhold of the measur-

ing instruments in contrast to counts 17 of 21,000 particles per cm2 on
November 12 and 14,000 on November 15.

Very-low- frequency communications showed an increase in intensity
at 0300 UT indicating that a polar-cap layer of the normal variety had
been produced rather than the absorbing layer observed on November 12
to 13 and November 15 to 16.

The ionospheric and propagation effects of this flare did not greatly
differ from those of typical large noncosmic- ray flares.

12. SUMMARY
Plage region 5925 has been chosen as the medium for illustrating

the full range of effects of the sun on the propagation of radio waves
and on the ionosphere in general. It first appeared on the eastern limb
of the sun as an enhanced source of radio energy, the type of signal asso-
ciated with a center of activity. Such a center of solar activity appears
as sunspots on the disk of the sun, as a plage region in the chromosphere,
and as a region of high apparent temperature in the upper chromosphere
or the corona.

From this center of activity, flares originate. X-ray radiation,
radio signals, and particle emission all form part of the flaring action.
The X-ray radiation from the flares results in intense ionization in the
D layer of the atmosphere, causing absorption of radio waves and con-
sequent fadeout of communication signals. The protons from flares have
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both great intensity and distinctive velocity characteristics. They
spiral down the lines of force of the earth's magnetic field and produce,
in the polar-cap regions, intense absorption which lasts for a period
of days. About 10 to 45 hours following a flare, the corpuscular stream
gives rise to a magnetic storm with its resulting ionospheric storm,
visual auroral displays, and other effects.

Plage region 5925, which passed the central meridian of the sun
on November 12, produced three flares which were followed by ground-
level observations of an increase in the count of particles of cosmic-ray
energies. The effect of the arrival of the high-energy particles from
these flares was a complicated one. In some cases, the ionospheric
effects normally resulting from large flares were further enhanced.
In other cases, the usual flare effect waos nullified. An example of the
latter situation is the distinct reversal in the polar-cap enhancement
of very-low-frequency propagation normally observed following a large
flare.

There have been two very important recent contributions to an
understanding of the sun's effect on propagation parameters:

(1) the ir .se in the number of observations available to a student
of the world-,wide effects,

(2) the development of new techniques for solar observ."-%n such as
the sweep-frequency radio receiver and the interferometer, the use of
moon reflections for measuring the total electron content in the earth's
atmosphere, the measurement by satellites of cosmic-ray counts, and
the study of satellite orbital variations.
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POLAR- GLOW AURORA IN POLAR-CAP ABSORPTION EVENTS*

Brian P. Sandfordt

Arctic Institute of North America

ABSTRACT

During polar-cap absorption events, an extensive auroral glow
called the polar-glow aurora is observed. The geographical extent
and time variations behave in the same manner as the polar-cap
absorption. The glow is excited at heights below 100 km by protons
in the energy range 0. 5 to 100 Mev. It is estimated that the energy
of the incoming protons exceeds 2 x 1013 ev/cm2 col sec. There
appear to be relatively few protons wi h energies below 1 Mev and
the maximum particle flux of about 10A protons/cm2 col sec is in
the energy range of 1 to 10 Mev.

1. INTRODUCTION
An extensive auroral glow which covers the whole sky in polar

regions during a polar-cap absorption event has been observed by
Sandford. 1 The time variations of the intensity of this glow correlate
closely with the variations in cosmic-noise absorption, measured at a
frequency of 30 Mcps but the correlation with the intensity of the mag-
netic disturbance is not as close. Data has been collected from a num-
ber of stations in an attempt to discover the origin and extent of this

type of aurora.
The auroral spectra have been obtained from patrol spectrographs

operated in 1959 apd 1960 by the Air Force Cambridge Research Labo-
ratories, the University of Saskatchewan, the University of Chicago,
Cornell University, and the New Zealand Dominion Physical Laboratory.
The zenith intensities of the spectral emissions have been determined
by the methods previously described by Sandford. 2,3

* Published as Arctic Institute of North America Rese rch Paper
No. 18 and in J. Atmos. Terr. Phys., in press (1962).

t On special leave from Dominion Physical Laboratory Auroral
Station, Omakau, New Zealand.
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During the great solar flare events there were often periods when

the sky was overcast making it necessary to measure spectra recorded

during cloudy weather in order to obtain sufficient data. Clouds do not

reduce the measured intensities by any significant amount. During

some nights of variable cloudiness, the recorded intensity of the auroral
emissions did not increase during the clear periods. In cloudy weather,

the sky light will be integrated by scattering in the cloud. The reduc-
tion of the zenith brightness (zenith angle <200) by the cloud obscuration
appears to be approximately compensated for by scattering of light orig-
inating at large zenith angles. This is true only if the sky is covered by

an extensive and fairly uniform glow, the very condition being observed
here.

2. THE POLAR CAP ABSORPTION EVENT

Some flares on the sun give rise to large fluxes of solar cosmic
rays that cause disturbances of the earth's upper atmosphere. One type
of event, generally called the polar cap absorption event, has been de-
scribed by Bailey, 4 Reid and Leinbach, 5 Collins, Jelly and Matthews, 6

Obayashi and Hakura, 7 Reid and Collins8 and Warwick and Wood. 9 In

these events, energetic solar cosmic rays cause high absorption of radio
frequencies over the polar regions (geomagnetic latitude >600), ionosondes
(1 to 25 Mcps) show blackout conditions, and riometers show very high

absorption of cosmic noise at 30 Mcps.
These effects begin within a few hours after the flare on the sun has

been observed and they are accompanied, within about forty-eight hours,

by alarge geomagnetic storm with extensive auroral displays. The polar

cap absorption effects are observed for three or four days following the
solar flare, whereas, the geomagnetic storm and visual aurora last only
for a day or so after the sudden commencement of the geomagnetic storm.

During the ma•. phase of the geomagnetic storm, an intense visual

aurora is observed in the auroral and subauroral zones. In the polar-cap
region, aurora is commonly not observed during the magnetic storm.
Anderson10 has reported that no aurora is observed that can be associated
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with polar cap absorption behavior. The author, who made visual

observations during the July 1959 storms at Scott Base, Antarctica,

saw no discrete aurora during the main phase of the magnetic storm

on July 15 except some very faint isolated rays. On July 11 and 17,
some active aurorae were observed during only a short period of the

main phase of the magnetic storms. Feldshtein1 1 reported similar

behavior of aurorae at the south geomagnetic pole during these storms.
The observations reported here indicate that an extensive auroral

emission does occur. The term 'polar-glow aurora' will be used to
describe this phenomenon which manifests itself as a uniform glow.

During the peak of the storm, the polar-glow aurora reaches such a
brightness that observation of the Milky Way is difficult. Extensive

but faint pinkish glows have been reported during these events by12
Hatherton and Midwinter. Color photographs of the night sky taken
with an all-sky camera by Sandford, 1 3 also show significant changes

in the night- sky brightness during such storms. The glow is so uni-

form over the whole sky that it is not possible, unless the sky appears
colored, for an observer to say for certain there is aurora. Spectro-
scopic evidence indicates that there is intense auroral emission through-
out these events, even though there has been an absence of discrete

visual aurora. The brightest feature of the polar-glow auroral spectrum
(in the visible region) is the first negative bands of ionized molecular
nitrogen.

In July 1959, three polar-cap absorption events occurred following

flares on the sun on the 10th, 14th, and 16th of July. Some observations
of geophysical phenomena during the period 7 to 23 of July are displayed
in Fig. 1. The zenith intensity (logarithmic scale) of the 0-0 first nega-

tive band of ionized molecular nitrogen at 3914A and the zenith intensity
of the atomic oxygen line at 5577A observed at Scott Base, Antarctica,
(geomagnetic latitude 790 S), are shown in a time sequence. The cosmic-

noise absorption measured by a 27.6 Mcps riometer at Thule, Greenland,
(geomagnetic latitude 880 N) has been taken from data reporLed by Leinbach
and Reid. 14 These are typical stations in the polar- cap region. It should
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be noted that Scott Base is a southern hemisphere station and that
Thule is a northern hemisphere station. No riometer records were

available from Antarctica.
The planetary magnetic Kp index, the Scott Base magnetic K index,

the times of onset of the major flares and the times of the magnetic
storm sudden commencements are also shown.

About four hours after a 3+ solar flare began at 0210 UT on
July 10, the Thule riometer showed a large increase in cosmic-noise

absorption. About eight hours after the flare, the intensity of 3914A
began to increase at Scott Base. A similar effect occurred following
the flares on July 14 and 16. The Universal Time of the onset of the
flares (Shapley and Trotter, 15), of the start of the cosmic-noisq absorp-
tion (Leinbach and Reid, 14), of the start of the increase in intensity at
3914A and of the sudden commencerent, SC, of the geomagnetic storm
(Bartels, 16), are given in Table 1. The delay times to the nearest hour,
(4A, AQ, 4SC), between the onset of the solar flare and the onset of the
associated terrestrial effects are also listed.

TABLE 1.
Cosmic-Noise Sudden

Flare Onset Absorption 3914 Intensity Commencement
Date - UT Onset UT AA, Hours Onset UT 0. ,Hours UT ASC Hours
July 10 0210 0700 5 1000 8 11 1625 38

14 0319 0700 4 0700 4 15 0803 29
16 1604 2250 7 1700 1 17 1638 25
16 2118 2250 2 1700 -4 17 1638 19

Two flares were observed on July 16. Shapley and Trotter15 report
that both were associated with Type IV radio noise and other radio effects
commonly associated with flares that give rise to major geophysical dis-
turbances. The increase of the 3914A emission started before the second
of these flares, suggesting that the first flare at 1604 UT ry ,y have been
more important than Shapley and Trotter suggest. The cosmic-noise
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absorption did not increase until some hours after the second flare,
leaving the question in some doubt. It must be remembered that the
optical data is from the southern hemisphere and the radio data is
from the northern hemisphere.

The intensity of the 3914A emission in each of these events in-
creased steadily from the time of onset, reaching a peak close to the
time of the sudden commencement of the magnetic storm. The in-
tensity was then at least one hundred times greater than the normal
nighttime minimum of an undisturbed period. At this time it was the
brightest feature in the visible region auroral spectrum. The 3914A
emission then decayed steadily over a period of forty-eight hours or
more. With a time resolution of one hour the polar-glow aurora ex-
hibited no large fluctuations, but there may have been large fluctua-
tions on a shorter time scale.

The variations of the cosmic-noise absorption behaved in a manner
very similar to the intensity variations of the 3914A emission although
the points of observation were nearly antipodal. At Thule, there was
continuous daylight during this observation period, thus day-night varia-
tions were not observed. (Reid and Collins, 8 show that after sunset in
the ionosphere, cosmic-noise absorption is greatly reduced, probably
due to electron removal in the D region by negative-ion formation.)
The 3914A emission is measured during nighttime and shows no twilight
variations during the polar-glow aurora (resonant scattering of sunlight
might be expected). It is interesting to find that the nighttime intensity
of the 3914A emission in one hemisphere is closely related to the day-
time cosniic-noise absorption in the other hemisphere. This suggests
that the'origin of the cosmic-noise absorption and of the polar-glow
aurora are very closely related.

Intensity measurements at 3914A, made during the polar-glow aurora
when moonlight did not interfere with observations (1000 UT July 10 to
0800 UT July 18, 1959), compared with the Scott Base magnetic K index
(Fig. 2) gave a correlation coefficient of 0. 77. The polar-cap absorption
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events are always accompanied by large magnetic storms. Since the
peak of the polar-glow aurora occurs during the main phase of the
magnetic storm, the glows have been thought to be directly connected
with the magnetic disturbance. The high degree of correlation is
somexhat misleading. At low K indices, a very large scatter is evi-
dent (Fig. 2). From the time of onset of the flare until the time of
the sudden commencement, the K index remains low while the polar-
glow aurora increases steadily so that there is actually a low correla-
tion during this particular period of the storm. Since the polar-glow
aurc-a starts soon after the flare and lasts for three or more days, it
is evident that the relationship between auroral emissions, magnetic

storms and polar-cap events requires a more careful investigation.
A comparison of the intensities of the atomic oxygen 5577A

(Fig. 1) and 6300A emissions and the magnetic activity showed that
even in the absence of discrete visual aurora there were large enhance-
ments of the 5577A and 6300A emissions during the main phase of the
magnetic storm. These emissions also exhibit then a type of glow aurora,

but only during the magnetic storm. This suggests that different parti-
cles excite these emissions. This difference may only be one of incident
particle energy however. On the other hand, there was only a small
correlation during the polar-glow aurora between the intensity at 3914A
and the intensities at 6300A (correlation coef. is 0. 5) and 5577A (cor-
relation coef. is 0. 4). Visual inspection of the curves in Fig. 1 suggests
a possible small variation of the 5577A emission that follows the 3914A
behavior but there is insufficient data to show that this has any statistical
significance.

3. EXTENT OF THE POLAR-GLOW AURORA
From a station in the polar region, the polar-glow aurora is seen

as a glow covering the whole sky. On a global scale it has been possible
to estimate the extent of the polar- glow aurora from a study of auroral
patrol spectrograms taken at Canadian and U.S. stations during the
November 1960 solar-flare events.

9
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In Fig. 3, the zenith intensity (logarithmnic scale) of the 3914A

emission has been plotted for the period 10 to 20 November 1960 for

five stations; Thule (geomagnetic latitude, c = 880), Meanook,(c = 620),

Saskatoon (y = 600), Ithaca (cp = 540), and Yerkes (cp = 530). At some

stations, many exposures lasted for a few hours. Dotted lines indicate

that the intensity was less than the level shown. The onset times of

major solar flares and magnetic storm sudden commencements are

also shown. The positions of the stations are shown in Fig. 4.

At Thule, a station well inside the auroral zone, the behavior was

similar to that already discussed for the July events. On the 12th of November,
a sudden commencement not associated with polar-cap absorption and a flare
that caused a polar-caD event occurred together, causing some confusion.

The intensity of the 3914A emission increased rapidly a few hours

after the 3+ solar flares on the 12th and 15th of November. A maxi-
mum was reached about the time of the sudden commencement of the

associated magnetic storm and the intensity then decreased uniformly

over a period of about 48 hours.
At Meanook, a station close to the maximum of the auroral zone,

the nighttime level of the 3914A emission is very often high due to the

common occurrence of discrete auroral forms. On the 11th of November,

a moderate magnetic disturbance was associated with a higher than usual
level of 3914A emission.

During the solar-flare events, the intensity of 3914A at Meanook,

appears to follow fairly closely the behavior observed at Thule. The
onset of the second storm on the 15th was particularly marked at Meanook.
On the 16th, the level remained high throughout the night while it decreased

at Thule. During this time, the magnetic activity was very high. In the

auroral zone, bright aurorae are always observed during major magnetic

storms, thus, a high proportion of the 3914A emission can be expected
to originate from discrete auroral forms. On the nights of the 14th and
17th the magnetic storms had ended and the minimum intensity at 3914A

followed the behavior at Thule.
At Saskatoon, only 1. 30 of magnetic latitude south of Meanook, the
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polar-glow aurora was present but it was much weaker than it was at

Meanook. The intensity was much less, particularly on the 14th and

17th, than it was at Meanook. These observations suggest that the

polar-glow aurora cuts off very sharply at a geomagnetic latitude of

about 600. Radio observations of the polar-cap absorption, by Reid

and Leinbach, 5 Collins, Jelly and Matthews 6 and Nagata, Hakura and
Goh, 17 also indicate a very sharp cutoff at a geomagnetic latitude of

about 600. The polar-cap absorption and the polar-glow aurora appear
to be very similar in geographical extent.

At both Yerkes and Ithaca, well south of the auroral zone, no polar-

glow aurora was evident. Here the intensity at 3914A was high only

during the main phase of the magnetic storm. Great auroral displays

were observed on these nights and it is probable that all the 3914A

emission at these latitudes originated from the discrete visual aurorae.

During the main phase of the magnetic storms in these solar-flare events,

Winckler and Bhavsar, 18 Winckler, Bhavsar and Peterson, 19 Freier,
Ney and Winckler 2 0 und Ehmert. Erbe, Pfotzer, Anger and Brown, 21

have shown with balloon observations that energetic solar protons can

penetrate down to balloon altitudes at geomagnetic latitudes as low as

520. They think this happens because of distortions in the earth's
magnetic field. In such cases polar-glow aurora would be expected at

low latitudes during the main phase of the magnetic storm. It is possible,

therefore, that some of the 3914A emission at Yerkes and Ithaca was due

to a polar-glow auroral type of emission.

4. HEIGHT AND ORIGIN
In an earlier note, Sandford1 suggested that the region emitting the

polar-glow aurora is at or below a height of 100 km. This idea was based

on the following evidence:

a) The high degree of ionization of the D region, indicating that
energetic particles are present below 100 km. This is further supported

by the evidence already presented showing the close similarity between

the intensity variation of the polar-glow aurora and the intensity of the
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cosmic-noise absorption. The latter is caused by an increase in the
electron density and possibly an increase in electron- collision fre-
quency, at D-region heights (Reid and Leinbach, 5).

b) The lack of a twilight enhancement of the first negative band
of ionized molecular nitrogen when the sun illuminates the atmosphere
down to heights of 100 km in the zenith (including a screening height
of 20 kin, Chamberlain, 22).

c) The intensities from the metastable transitions are relatively
low and their intensities do not exhibit steady changes over a period
of days as the polar-glow aurora does. Below 100 km these emissions
would be reduced in intensity relative to those of the normal visual
aurora (above 100 km) because of collisional deactivation.

Because the polar-glow aurora is very extensive it would be dif-
ficult to obtain height measurements by triangulation techniques.

Delays as short as one hour between the onset of the solar flare
and the onset of the polar-glow aurora, indicate that proton energies
of at least 1 Mev are in part responsible. From cosmic-noise absorp-
tion measurements, (Reid and Leinbach, 5) ionosonde measurements,
(Gregory, 23) and balloon observations of solar cosmic rays, (Anderson

24* 25and Enemark, ; Anderson, Arnoldy, Hoffman, Peterson and Winckler, )
it is known that protons with energies greater than 1 Mev enter the polar
regions throughout the polar-cap absorption events. These protons will
efficiently ionize and excite molecular nitrogen below heights of 100 km.
Anderson and Enemark24 have observed 100 Mev protons arriving up
to nine days after a major solar flare so that the time delay between

the flare and the time of arrival at the earth cannot be used as an accu-
rate measure of the incident particle energy.

The lack of evidence of polar- glow aurora above 100 km suggests
that solar proton energies greater than about 500 key are responsible
for the polar glow. The steep slope of the particle flux vs. energy spec-

trum measured by Anderson and Enemark24 and others, indicates that
solar protons with energies less than 100 Mev are primarily responsible
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for the polar glow, It will, therefore, be assumed that the polar-

glow aurora is caused by solar protons with energies between 0. 5

and 100 Mev.
In this paper, interest is confined to the ionization and excita-

tion of molecular nitrogen to the 0-0 band of N2. The ionization and

excitation will occur at the time of the collision in a single process

(Sheridan et al., 26). As this excited state is an allowed transition,

the 3914A quanta will be emitted almost instantaneously and the

3914A intensity will be a measure of the primary energy flux.

While the proton energy is above 100 key the main reaction with

molecular nitrogen will be;

N2 + p N (3914)- + p+ e . (1)

Once the energy of the proton falls below 100 key the charge exchange

reaction will become important;

N2+ p ----- N + H(2)22(3914) +,H .(2

The secondary electrons from reaction (1) will produce further ioni-

zations and excitations;

N2 + e--N + 2e . (3)2 ~2 (3914)+

Some of the electrons from this reaction will carry enough energy

to produce further ionizations by the same reaction. From the theo-

retical calculations of Bates, McDowell and Omholt 27 and from the

experimental data in the Landolt-B~rnstein Tables 2 8 it is shown that

about two-thirds of the ionization and excitation is produced by reac-

tion (3). As the major proportion of the excitation is produced by elec-

trons the spectra will be predominately that of electron excitation rather

than that of proton excitation.

In cosmic- noise- absorption measurements, the absorption is caused

by the electrons produced in reactions like (1) and (3). The amount of

the absorption depends on the equilibrium between electron production,
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recombination and negative-ion formation. At nighttime, negative-ion
formation is expected to be important (Reid and Collins, 8). The cosmic-
noise absorption is, therefore, not such a direct indication of the prim-

ary energy flux at nighttime as is the intensity of 3914A emission.

5. ENERGY AND PARTICLE FLUX OF PROTONS
If the absolute intensity of the 3914A emission can be measured it

is then possible to estimate the total energy of the primary particles.
The mean absolute zenith intensity of the 5577A line was measured

by Roach, McCaulley, Marovich and Purdy2 9 for a series of stations
over a wide range of geomagnetic latitudes in North America from 1957
to 1959. The mean relative zenith intensity of the 5577A line was de-
termined, from the auroral patrol spectrographs, for a number of days
before and after the November 1960 events. This data was fitted to the
Roach et al. 29 data shown in Fig. 5. The intensity variation with geo-
magnetic latitude is the same for both.

These observations were all made during the sunspot maximum
period. It seems reasonable to assume that the mean intensity during
November 1960 is the same as it was during the period from 1957 to 1959.
This comparison, therefore, was used as a calibration of the auroral
patrol spectrographs. With the absolute intensity of the 5577A emission
established, it is a relatively simple matter to determine the intensity
of the 3914A emission. The intensity scales used in Figs. 1 and 3 have
been derived in this way.

In all five events shown in Figs. 1 and 3, the zenith intensity of the
3914A band exceeds 10 kilorayleighs at the maximum of the polar-glow

aurora. From a method drawn to attention by Dalgarno30 the total energy
of the incoming protons can be calculated if the ratio of the total cross
section of ionization of N2 , to the cross section for the ionization and
excitation to the 0-0 first negative band of N+, by protons and electrons
is known.

Cross sections for both these reactions have not been measured
for incident proton energies in the range of 1 Mev or greater. Hooper,
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McDaniel, Martin and Harmer 31 and others have shown that for
proton energies above 100 key, the cross sections for these reactions
are identical for protons and Ilectrons of the same velocity.

In order to obtain values for the reaction cross sections, it is
necessary to assume values for the proton and electron energies.
It has been estimated that the proton energies are between 0. 5 and
100 Mev. The flux density at the lower energies is .pected to be
higher (Obayashi and Hakura, 7) therefore a mean p. Dton energy of
1 Mev is a reasonable figure. It is a little difficult to know the mean
secondary electron energy. It will be assumed that the proton velocity
equals the secondary electron velocity, thus the mean electron energy
will be assumed to be 570 ev. This will give electron cross sections
of the correct order of magnitude and greatly simplify calculations
because the electron and proton cross sections will be identical, (For
electrons with energies between 50 and 600 ev the cross section changes
only by a factor of two.)

The total cross section for ionization of N2 by electrons has been
determined by Tate and Smith. 32 The cross section for the ionization
and excitation of the 0-0 first negative band of N+ by electrons has been26
determined by Sheridan, Oldenberg and Carleton. 6 The ratio of these
cross sections for electrons at 570 ev, and, therefore, for protons at
1 Mev, equals 50, thus, for every 50 ion pairs produced in N2 , only
one will be excited to the 0-0 first negative band of N+.

In the height range of 30 to 100 km, the oxygen molecule comprises

about 20 percent of the atmosphere and the cross section for ionization
by pOotons and electrons is nearly the same as for nitrogen (Hooper
et al. 31). The ratio of cross sections of total ionization to excitation
of the 3914A band in the atmosphere will, therefore, be nearer to 60.

Assuming the intensity of the 3914A emission to be 10 ki.lorayleighs
at the maximum of the polar-glow aurora, then there are 1010 quanta
emitted at 3914A/cm2 col sec. For each quantum en.itted 60 ion pairs
are produced, therefore, the total number of ion pairs produced is
6 x 1011 ion pairs/cm2 col sec. Valentine and Curran33 and others show
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that the amount of energy necessary to produce an ion pair (assum-

ing only ionization, excitation, and elastic scattering) is about 35 ev,

this being independent of the energy or type of the ionizing particle.

The total energy flux is, therefore, 2 x 1013 ev/cm2 col sec.
Using a different approach it is possible to determine the particle

flux. The emission of 3914A quanta will almost entirely originate
from the following reactions:

N + pk • 2(3914) + p + e (1)

22 * *

N2 + P 2 (3914) + H , (2)

k3 +*

e(3914) + 2e (3)

where k1 , k2 , k3 are the reaction rates.
The rate of production of N+ molecules excited to the 0-0 level of

the first negative band is

d[N+ (391 = k[N2 ] [p] + k 2 [N2 ] [p] + k3 [N2 ] [e]
dt1 22 23 2

= (k1 + k2) [N 2 ] [p] + k3 [N 2] eee

where i N2 ] is the density of the nitrogen molecules,

[p] is the density of the energetic protons,

[e] is the density of the energetic electrons.

As before it will be assumed that the incident flux is all protons of

1 Mev and that all secondary electrons have an energy of 570 ev. Since
the proton energies are much greater than 100 key the charge exchange
reaction is relatively unimportant (Chamberlain, 34), that is,

k2<<k1
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In the basic assumptions used here, the cross section for reac-

tions (1) and (3) are the same and two-thirds of the ions are produced
by reaction (3). Since the mean energy expended in production of ion
pairs by electrons and protons is the same, the effective density of
the energetic secondary electrons will be twice the proton density,

2 [p] = [e]

then
d[N+ 31)2 (39 = (kl + 2k3) [N 2 ] Ep]

dt

The intensity Q of the 3914A emission, expressed in number of
quanta emitted, is given by

=f d[N* 3 9 14 )] dh

Q h d

=h (kl + 2k3) [N 2 ] [p] dh

with the integration taken vertically along a column of 1 cm 2 section

and of length h.
Protons with primary energies in the range 0.5 to 100 Mev lose

90 percent of their energy in the last 10 km or less of their path into
the atmosphere. It has been assumed that the protons are monoener-
getic with 1 Mev energy and it will be assumed that all their energy is
lost in a uniform thin layer of thickness, Zlh, equal to 10 km.
Then

Q = (k1 + 2k3) [N 2] Ep) Ih.

The reaction rates k1 and k3 are defined as

k1 =fjvlff(vl)dv ,

k 3 =f 3 v3 f(v3 ) dv,

where a and a 3 are the cross sections for reaction (1) and (3), v is the

velocity of the exciting particle, and f (v) is the velocity distribution of
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the exciting particles. Since the primaries are monoenergeticff(v)dv

has a value of unity. The velocity of the secondary electrons is as-
sumed equal to that of the incident protons, therefore, we can consider,

and
VI =v3 =v

then
kI k k3 = av

Also p)

where D is the proton flux/area col sec and v is the proton velocity.
Then Q= 3ov [N 2 ] Ah

= 3a([N2 ] Ah

Therefore, the proton flux

Q
D =a[N 2] Ah

The intensity of the 3914A emission is 1MkR. The 1 Mev protons
will be stopped at a height of about 90 km (Bailey, 4) where the density
of N2 is 3. 5 x 1013 molecules/cc (Chamberlain, 35). The cross section
for 1 Mev protons equals the cross section for 570 ev electrons which

equals 3 x 10-18 cm 2 (Sheridan et al., 26). The layer thickness is 10 km.
Then

0 1Mev=; 3 x 107 protons/cm2 col sec.

If instead it is assumed that the proton energy is 0. 1 Mev and 10 Mev
respectively, assuming the secondary electron velocity equals the proton

velocity and taking the appropriate values for the nitrogen density and the
cross sections then c0.1 Mev ' 8 x 107 protons/cm 2 col sec.
and

010 Mevr' 2 x 106 protons/cm 2 col sec.
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Because the ionosphere is in a disturbed state in these storms and

because the atmospheric density varies considerably with height, the

flux determined above can be considered as only an indication of the

order of magnitude. It is, however, in good agreement with the values

given by Obayashi and Hakura. 7 Although it is slightly higher than their

figures, it is not unreasonable when one realizes that the flux near the

peak of the storm is being considered here.

The total energy flux was found to be 2 x 1013 ev/cm 2 col sec. If

the mean proton energy is taken as 1 Mev this gives a flux of 2 x 107 pro-

tons/cm2 col sec, in very good agreement with the figure of 3 x 107

protons/ cm 2 col sec already determined.

A proton loses about 90 percent of its energy in the last 10 km of

its path for stopping heights between 50 and 110 km. The intensity of

the emission at 3914A is proportional to the incident particle flux. It

should, thus, be possible to obtain the energy spectrum of the incoming

solar cosmic rays in polar cap absorption events by measuring the in-

tensity of the 3914A emission as a function dt height with the use of

rockets.

If large proton fluxes are entering the atmosphere, hydrogen lines

are to be expected in the auroral spectra. The HP line will be considered

as it is usually easier to observe in polar-glow aurora because the Ha

line is often hidden by the first positive bands of N2 .
The charge exchange reaction (2) becomes important with protons

near the end of their range when their energy has dropped below 100 key.

For proton energies greater than 100 key, Omholt 3 6 and Chamberlain3 4 ' 3 7

have shown that there will be 16 quanta of HP produced by every primary

proton, independent of their initial energy. For the proton-flux values

calculated earlier assuming primary proton energies of 0. 1, 1 and 10 Mev,

the intensity of HP has been determined and is tabulated in Table 2.

The minimum sensitivity of the patrol spectrographs varies somewhat,

because it is particularly dependent on film processing techniques and on

the presence of moonlight in the spectra. In good conditions, the spectro-

graphs as used in these experiments can detect lines with an intensity

of about 50 R.
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In the polar- glow aurora HP is usually visible although it is often

very weak (<100R). The number of protons with energies of .100 key or

less, that would stop at visual-auroral heights must be relatively small
or else HP would be very much brighter. A flux of 3 x 106 protons/cm 2

col sec, with an energy of 100 key will give a just detectable HP line with
an intensity of 50 R; this flux is 25 times less than that determined in
Table 2. It must be assumed that either the mean proton energies are
greater than 5 Mev, consistent with previous assumptions in this paper,
or a significant portion of the primary energy is not carried by protons.

TABLE 2.

Proton Flux, Protons/ cm 2 Sec HP IntensityEnergy R•yleighs

0. 1 Mev 8 x 107  1300
1. Mev 3 x 107 480

10. Mev 2 x 106 32

During November 13, 1960, Montalbetti and McEwen 3 8 made
zenith intensity measurements of HP at Churchill, Canada (geomagnetic
latitude q = 690). These measurements are compared in Fig. 6 with
the intensity of the 3914A emission measured at Thule during the same
night. As these stations are very far apart (Fig. 4) detailed agreement
between these observations would seem surprising. The fact that the
HP and 3914A emissions do agree in broad detail suggests that the HP is

closely associated with the polar-glow aurora, which does extend over
the whole of the polar regions.

In Fig. 6 it can be seen that an intensity of l5kR at 3914A corresponds

to an intensity of about 200R for HP emission. This is consistent with a
flux of protons with a mean energy of about 4 Mev agreeing favorably
with the value determined above.

The absence of visual aurora over the polar cap, the intensity of the
hydrogen lines and the height determinations of the polar- glow aurora,

all suggest an absence of protons with energies less than 100 key relative
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to the number with energies between 1 to 10 Mev in the polar cap absorp-

tion events. On the other hand, the proton flux determined at an energy
of 1 Mev is in agreement with other workers (Obayashi and Hakura, 7).
If the proton fluxes at energies below 100 key, estimated by Obayashi

and Hakura7 did arrive in the polar regions, very intense hydrogen

spectra would be expected. The absence of intense hydrogen spectral

emission in the auroral and subauroral zones, where intense visual

aurorae are observed during the peak of the storm, is consistent with

the rocket observations of McIlwain 39 and Davis, Berg and Meredith 40

indicating visual aurora is primarily electron excited.
Bailey4 found that his experimental observations were best explained

by a flux of protons with a differential energy spectrum which has a -5

power law for proton energies above 500 Mev and a -2 power law for

energies less than 500 Mev. The work in this paper suggests that below
1 Mev the differential energy spectrum of the protons obeys a positive
power law and that the maximum proton flux occurs at an energy between

1 and 10 Mev.

6. CONCLUSIONS
Solar flares that produce polar-cap absorption events also produce

an extensive auroral glow which behaves like the polar-cap absorption
event in time and geographical extent.

This polar-glow aurora begins several hours after the flare and

reaches a peak intensity within about forty-eight hours, near the time

of the sudden commencement of the associated magnetic disturbance.
The emission then takes two or three days to return to normal nighttime

levels. The increase to peak emission and the subsequent decay are

very uniform, showing little fluctuation between spectra taken with one
hour exposures.

The glow covers the polar-cap region down to a geomagnetic lati-

tude of about 600 throughout the event and it may extend to geomagnetic
latitudes of 500 during the main phase of the geomagnetic storm. Most
of the emission originates below 100 km.
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The polar-glow aurora shows no discrete structure. The bright-

est features in the visible spectrum are the first negative bands of

ionized molecular nitrogen which are ionized and excited by the solar

protons and secondary electrons. The intensity of the 3914A band is

greater than 10 kilorayleighs at the maximum of the event.

The emission from the metastable transitions in the auroral

spectrum does not show steady changes over a period of days as the

polar-glow aurora does. The atomic oxygen lines at 6300A and 5577A

are enhanced during the main phase of the magnetic storm, even in the

absence of visual aurora, but their behavior is not the same as the

3914A emission.

The solar cosmic rays entering the polar regions "are mostly

protons with a maximum particle flux in the energy range of 1 to 10 Mev.
There appear to be relatively few protons with energies less than 1 Mev.
The great visual auroral displays observed during the main phase of the
magnetic storm in the auroral and subauroral zones appear to be prim-

arily electron excited.
During the peak of the event, the total energy flux of the arriving

protons is greater than 2 x 1013 ev/ cm 2 col sec. This corresponds to

a flux of protons with a mean energy of 1 Mev, of 3 x 107 protons/cm2

col sec.
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IRREGULAR LUNAR REFLECTION POLARIZATION CHANGES NOTED
IN THE PRESENCE OF AURORA*

J. Klobuchar, J. Aarons, H. Whitney, G. Kantor
ELECTRONICS RESEARCH DIRECTORATE

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
BEDFORD MASSACHUSETTS

ABSTRACT

Bistatic lunar reflection of 99. 4-Mcps signals was used to determine
the total integrated ionospheric electron density. On November 13, 1960,
fast, irregular changes in the received signal polarization occurred dur-
ing the time a visible aurora was observed along one leg of the bistatic
path. After sunrise on the same day slow, regular Faraday polarization
rotation was observed.

It is suggested that the ordinary and extraordinary ray components,
which travel along slightly different paths, may have encountered small,
high-velocity ionospheric irregularities, and thus have produced unusual
signal phase changes.

On the mornings of November 11, 12, 13, and 14, 1960 a lunar re-

flection experiment was carried out between Jodrell Bank, England and

Sagamore Hill, Hamilton, Massachusetts. The objective of the experi-
ment was to determine the total integrated electron density for the two

paths, particularly during sunrise at each site.
The hour angle difference between the sites is approximately 41/2 hours.

Therefore, at the time of sunrise at Jodrell Bank, nighttime ionospheric

conditions still exist at Sagamore Hill; and, at the time of sunrise at the

Sagamore Hill station, substantially daytime conditions exist at Jodrell

Bank. Analysis of the bistatic data to determine the total integrated

electron density is being undertaken by G. N. Taylor at Jodrell Bank. A

description of the Sagamore Hill data of November 13, 1960, showing un-

usual ionospheric effectsis presented here.

* Published in J. Geophys. Res., in press (Jan. 1962)



94

Pulses of 20 msec duration were transmitted from Jodrell Bank

once each second on alternate frequencies of 99. 4 and 100. 6 Mcps.

Linear transmitting polarization was used on a horizon- mounted 250-ft

dish. Continuous FM interference made bistatic reception on 100.6 Mcps

impossible. The Sagamore Hill receiver included two orthogonal,

linearly polarized feeds on an equatorial mount. The feeds were posi-

tioned so that one was horizontal and the other vertical at meridian

transit of the antenna. Although a slow change in received signal polari-

zation occurred because of the differences in tracking systems, this

change was small when compared with the rotation in signal polarization

due to the changing electron density along the bistatic path.

On November 12, a typical record of regular Faraday polarization

rotation for a normal ionosphere was obtained (see Fig. 1). In this

figure, the vertical lines indicate the individual pulses; the fast fading

of these pulses, which is well correlated on both polarizations, is due

to the moon's apparent libration. Polarization fading was rapid at this

time, reaching a maximum rate of about 110 per minute. This high

rate of polarization rotation was due to a normal daytime increase in

the integrated electron density along the Jodrell Bank leg of the bistatic

path. 1 Ground sunrise at Jodrell Bank occurred at 0229 EST. The

geomagnetic activity index Kp for the 0100-0400 EST interval on 'Novem-

ber 12, was 2, indicating a geomagnetically quiet period.

On November 13, magnetic-field variations were extremely high

resulting in a Kp of 9 for the first five 3-hr periods of the day. The

Sagamore Hill data from 0306 to approximately 0600 EST on November 13

showed fast, irregular fluctuations of signal strength on both polariza-

tions (see Fig. 2). Reversals in the direction of rotation were difficult

to determine but polarization changes as fast as 900 per minute were

observed as compared with a maximum rate of rotation of 110 per minute

on November 12. After 0600 EST slow, regular Faraday polarization

rotation occurred until the end of the receiving period at 0728 EST.

During the early hours of November 13, the southern edge of the

aurora extended to 480 north geomagnetic latitude. 2 The bistatic ray
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penetrated the ionosphere through the aurora at a geomagnetic latitude
of 530 (see Fig. 3). From 0306 EST (0806 UT) until approximately
0600 EST (1100 UT), the Sagamore Hill bistatic ray path was essentially
in darkness with aurora present, while the Jodrell Bank ray path was
sunlit with no aurora. 1 Thus, it would be expected that any unusual
ionospheric effects would appear only in the bistatic data. Rapid fluc-
tuations in polarization angle have also been noted at 400 Mcps during
a previous auroral disturbance. 3

On the following day, November 14, the magnetic field variations
had essentially stopped. The bistatic lunar reflection data for that day
showed typical Faraday polarization rotation indicating a normal increase
in integrated electron density.

There are several possible explanations for the rapid polarization

changes observed on November 13. One possibility is to ascribe them
to changes in the magnetic field since the amount of polarization rota-
tion is a function of the magnetic field intensity and direction and of
the total number of electrons along the path. Even though the magnetic
field strength variations were extremely high, they were, however, less
than two percent of the total magnetic field. Unreasonably large changes
in magnetic field direction would be required to produce the observed
polarization fluctuations.

Changes in the total number of electrons along the path could also
explain the rapid polarization changes. The total number of electrons
along the monostatic path from Jodrell Bank to the moon was, however,
extraordinarily low on November 13. 1 Hence, the total rotation angle
of the polarization of the signal was small and it would take a large per-
centage of total electron changes to produce an additional ninety degrees
of polarization rotation. In view of the low level of electron content, this
does not seem feasible.

A more likely explanation depends on the fact that the ordinary and
extraordinary waves constituting the received signal travel on slightly
different paths because of the difference in refractive index. It has been
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shown that drift velocities of ionospheric irregularities may increase

from 100 meters per second to 1000 meters per second during geo-

magnetically disturbed periods. 4 F. E. Roach and J. W. Warwick, 5

in correlating fast scintillations with red auroral arcs, noted that the
scale of irregularities was also small for this particular disturbed
period. Because of the small scale of the irregularities and their in-
creased velocity, the path differences of the two rays might be suffi-
ciently great to account for the rapid signal phase changes. Thus, the

fine scale of the irregularities could form a diffraction pattern, with
the peaks and nulls of the pattern moving rapidly in the disturbed

ionosphere.
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EMISSION OF CARBON GROUP HEAVY NUCLEI
FROM A 3+ SOLAR FLARE*

Herman Yagoda
Air Force Cambridge Research Laboratories

Robert Filz and Katsura Fukui
Emmanuel College, Boston, Mass.

Discoverer satellite XVII was launched into a polar orbit at

2042 UT on November 12, 1960, about 37 minutes after ground-level

neutron monitors indicated their maximum cosmic- ray increase

following a 3+ solar flare which commenced at 1325 UT. During the

50 hours between launching and successful recovery, it is estimated

that the outside of the capsule received a bombardment of -2 x 109

protons of energy E >30 Mev. 1 The instrument capsule, which car-

ried a 772-gram block of Ilford G5 emulsion, had an apogee of 993 E4 km

and a perigee of 188±3 km. The average latitude of apogee was 20*S and

the perigee occurred at 18"N. Of the 31 orbits of 96. 44-rmin duration, a

total of 0.766 day was spent above geomagnetic latitude 55ON and S.

The 10 x 15 cm face of the emulsion block was placed adjacent to one

wall of the aluminum capsule and radiation arriving perpendicular to this

plane penetrated 2. 2 g cm" 2 of condensed matter composed of light

nuclei. This admitted carbon nuclei with energies in excess of 88 Mev

per nucleon over a solid angle of 1. 8 steradians. Owing to other instru-

mentation in the capsule, the rear of the block was shielded by approxi-

mately 21 g cm- 2 of condensed matter.

After several unsuccessful attempts at full development, which

caused almost every grain of silver bromide to be reduced to metallic

silver, the bulk of the emulsion stack could be processed to a point where

the preparations transmitted light (Fig. 1) by employing a very dilute

amidol developer at near 00 C temperature and adjusted by means of a

Published in Phys. Rev. Letters, 6 626-628 (1961)
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sulfite-bisulfite buffer to a pH of 6. 5. Details of the processing, of the

flare exposure, and of further measurements on long-lived radioactive

nuclides produced in the metallic components are available in a prelimi-

nary report on the Discoverer XVII flight. 2)3

The final ability to discern the tracks of slow, highly charged nuclei

above the dense, random, single-grain background is not due in its

entirety to the extremely weak development. Owing to the rapid diminu-

tion of the flare radiation following maximum, we estimate that about

50 percent of the total dose was delivered during the first hour in orbit.

This intense radiation appears to have destroyed the basic sensitivity of

the G5 emulsion. It is very likely that the hydrogen peroxide produced

by the radiochemical decomposition of the water retained by the gelatin

played a significant role. It is known that hydrogen peroxide 4 has a power-

ful destructive action on the latent image produced by ionizing radiations.

By diffusion into the silver bromide grains all surface latent images

would be destroyed, but in the case of the largest or most sensitive grains

a residual internal latent image might persist if the nuclear particle cross-

ing the grain had a very high rate of energy loss.
Prior to development, the flown emulsion and a control piece from

the same batch were exposed to polonium alpha particles. The tracks of

the 5-Mev rays were readily visible on the control sheet, but could not be

discerned on the flare-irradiated recording medium. Examination of the

desensitized emulsion at 2000x magnification shows star-like structures

of 3 to 6 tracks originating from a common center. The grain density and

range of these associated track clusters suggests that they are the spalla-

tion proucts of Z>3 commonly produced when Br, Ag, or I emulsion

target nuclei are evaporated.
Systematic examination of the first three 600-micron emulsion sheets

facing the thin window at 600x magnification shows a group of tracks which

enter the stack and terminate their range by ionization. For particles
making small dip angles with the emulsion plane the grain density can be

measured after suitable correction for coincident background grains. The
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histogram of the grain density in the terminal 300 microns of range

(Fig. 2) shows a pronounced peak at 275±25 grains. Most all of the
light tracks have the same sense of direction and make a spatial angle
with respect to the longitudinal axis of the rocket of < 500.

If we plot the logarithm of the integral grain count N as a function
of the logarithm of the residual range R, tracks of varying grain
density yield linear functions of essentially the same slope. This in-
dicates that the strongly irradiated emulsion is still serving as a quan-
titative tool for measuring ionization. It can be shown that a line of
constant grain density intersects these functions at ranges R, roughly
inversely proportional to the charge Z. If we assign Z = 4 to the tracks
with an average count of 183±17 grains, then the peak at 275±25 grains
yields a charge of 5.9. The charge assignments for heavier nuclei,
following this model, are indicated in Fig. 2.

Table 1 is a summary of the frequency of heavy primary nuclei
terminations as observed on Discoverers XVII, XVIII, and at balloon
elevations. The Discoverer XVIII block was exposed during a relatively

TABLE 1. Comparison of Heavy Primary Terminations in
Balloon and Satellite Exposures.

Flight Date Altitude Z >6 terminations
(km) (apogee) (cc- Lday-')

Bemidji 532 July 29, 1960 42.5 7.78±1. 15
Bemidji 533 August 5, 1960 42 8.60±1.04
Discoverer XVIII December, 1960 638 8.65±0. 93
Discoverer XVII November, 1960 993 900±300

quiescent period of solar activity and could be developed normally. It
exhibits essentially the same frequency of terminating Z >,6 particles
as the balloons launched at 55 0 N, and the tracks enter isotropically.
A comparison of the two satellite exposures indicates that during the

3+ flare the flux of Z),6 particles capable of terminating in the detectors
increased about 100-fold. The greater part of the 900±300 cc" 1 day 1
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termination frequency is due to the Z= 6±2 group. If we assume that

our low-magnification estimate 5 of 13±3 cc- 1 day-1 applies to the

more conspicuous tracks of Z> 10, then the M/H ratio during a flare

is - 70 as compared with a value of 3 for the galactic heavy primaries.

The large uncertainty in the Z >,6 population is not statistical in char-

acter, but originates from the sampling position, which reaches a

maximum in the first emulsion sheet facing the thin window. The

over-all evidence indicates that a beam of particles of Z= 6±2 was

emitted from the sun during the 3+ flare.

This identification is consistent with the observation by Fichtel

and Guss 6 of a flux of carbon, nitrogen, and oxygen nuclei associated

with a flare of magnitude 3, detected by nuclear emulsions flown to
130 km at 1480 UT on September 3, 1960. On the other hand, Kurnosova

and co-workers 7 report an anomalously large flux of nuclei with Z>15

associated with a Class 1 flare which occurred at 1127 UT on September
12, 1959. Their observations are based on two Cerenkov counters

carried on the second U.S.S.R. cosmic rocket which responded to heavy

particles with energies exceeding 1. 5 Bev/ nucleon. During the
17-minute period when the flux of Z > 15 increased about twelvefold,

the fluxes of particles with Z >2 and Z >5 remained essentially normal.
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BACKSCATTER MEASUREMENTS AT 19 MCPS DURING THE
NOVEMBER 1960 EVENTS

C. Malik and R. Hartke*
Electronics Research Directorate

Air Force Cambridge Research Laboratories

At the Air Force Cambridge Research Laboratories backscatter
sounding station in Plum Island, Mass., auroral and ionospheric
characteristics are investigated on a continuous basis. A pulse trans-
mitter is operated at 19. 39 Mcps with a peak power of '1 kw. Back-
scatter signals from auroras as well as ground backscatter signals,
which provide information regarding the characteristics of the reflect-
ing F2 layer, are recorded as functions of azimuth. The Yagi antenna
used has a beamwidth of approximately 450 and rotates once every eight
minutes.

Ground backscatter, auroras, and sporadic E returns are presented

on the same display. In Figs. 1 and 2 azimuth and range plots are illus-
trated for each day of the November period. In the section labelled
'range, 0 to 30 msec time delay of the signal return is plotted against
the hour of the day. Since the range can and does vary with azimuth,
the closest range during one complete scan has been chosen as a cpmpro-
mise value for the plot. In the azimuth section, directly above the range
plot, hatched areas indicate the azimuths from which return was obtained
during the particular hour. The vertica.l markings represent the total
range and azimuth spread of the aurora as observed by the apparatus.
Sporadic E is denoted by the sign i. Thus, a detailed continuous daily
plot of the backscatter is displayed.

The events following the three cosmic-ray flares of November 12, 15,
and 20 are of considerable interest and have therefore been studied in

* R. Hartke is employed by Wentworth Institute, Boston, Massachusetts
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detail. In this note, some comparison is made between the backscatter

data and related measurements made by other observers. The

November 12 cosmic- ray flare of 1323 UT (0823) has been described

in detail throughout this volume. A graphical picture of the ground

backscatter at about this time, as seen in PPI photographs, is shown

in Fig. 3. Each photograph is of 8 minutes duration and is stamped

with the time of the end of the rotation. These records indicate that

the SID began at 0826 EST. The 0817 and 0825 records taken before

the SID show the usual gap or non- return of backscatter in the North.

In this case, the absence of return is due to a lower critical frequency

to the North (lower solar elevation angle). Such a gap may, however,

be due in some cases to increased auroral absorption.

On the sweep which started at 0825 and ended at 0833 EST (the

frame marked 0833), the backscatter is abruptly cut off at 0826, the

start of the SID. For many subsequent frames there is no return. At

0848, gradually the backscatter returns begin to reappear, but complete

360-degree ground backscatter returns are not recorded until 0913. The

backscatter time delay was not seriously affected by the SID. As is well

known, the effect observed during the SID was primarily due to absorp-

tion in the D layer rather than to extensive height or density changes in

the F2 layer.

After backscatter had reappeared, all echoes suddenly disappeared

again at 1320 EST. A 10-Mcps riometer operated at Sagamore Hill 1

showed high absorption from 1323 to 1922 EST. A magnetic disturbance

was also observed when the absorption began (Chernosky 1961).

In spite of the presence of optical aurora during the night of Nov. 12,

auroral radar reflections were seen only sporadically. The absence of

auroral echoes on the night of Nov. 12 and of auroral and backscatter

echoes during the entire day of Nov. 13 was due to two factors. The

first factor, the high absorption observed, would completely explain

the absence of auroral returns during the evening hours. Absorption

of the same magnitude has on other occasions not been sufficient to elimi-

nate backscatter echoes during the sunlit hours. For example, equally
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high absorption was recorded by the 10-Mcps riometer following the
Nov. 12 flare. Nevertheless, 19-Mcps echoes were absent only during
the short interval of the SID. During the period 0913 to 1320 EST on
Nov. 12, the 19-Mcps echoes reappeared. Since no such echoes appear
during the same time period on Nov. 13, there must be some factor in
addition to the absorption which is responsible for the lack of echoes
during the sunlit hours of Nov. 13. The hypothesis is advanced that the
F-layer backscatter echoes were absent because the electron density
was reduced at all latitudes surveyed by the radar. lonosounders of
CRPL 2 did observe lower critical frequencies during Nov. 13. The criti-
cal frequency was reduced in both hemispheres at geomagnetic latitudes
greater than 150. Within the geomagnetic equatorial region, the electron
density was increased, however.

A comparison of the observations of November 12 and 15 is of inter-
est. The November 15 recordings show normal backscatter in the South.
There is a gap in the North, however, indicating a lower electron density
in Northern regions (perhaps above 570 geomagnetic latitude).

The 'gap in the north' observations of a suitably placed low-frequency

oblique sounder afford a convenient method of examining the movement
of the electron density bulge during magnetic storms. This technique
would show any case in which there was a deficiency of electrons in the
North and an enhancement of electron density to the South.

REFERENCES
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RADIATION STUDIES FROM NUCLEAR EMULSIONS
AND METALLIC COMPONENTS RECOVERED FROM

POLAR SATELLITE ORBITS*

Herman Yagoda
Air Force Cambridge Research Laboratories

ABSTRACT

Two blocks of Ilford G5 emulsion measuring 10 x 15 cm and each

weighing 772 ± 2 grams have been recovered from polar satellite orbits.

The one launched on Discoverer XVII was exposed to the intense solar

radiation associated with the 3+ flare of 12 November 1960. By means

of a special developing technique conducted at pH 6. 50, which resulted

in a 30-fold reduction in grain growth, it was possible to suppress the

intense background of solar protons and discern the tracks of very highly

charged heavy primary nuclei that stopped by ionization in the emulsion.

The frequency of this category of particles with charges Z >, 11 is esti-

mated at 13 ± 3 cc- 1 day- 1. A similar measurement on the Discoverer
XVIII emulsions, which were placed in orbit on 7 December lJ60 during

a period of relatively normal solar activity, yielded a termination rate

for nuclei charges Z >,6 of 8.65 ± 0.93 cc- 1 day- 1 . These measurements

indicate that the flux of the heaviest galactic primaries remained essen-

tially unaltered during the giant solar flare. Examination of the flare-

irradiated emulsions at very high magnification shows the presence of a
much larger flux of nuclei which appear to be of charge Z = 6 ± 2 on the

basis of tentative ionization- range identifications. A comparison of the

Discoverer XVIII emulsion measurements with data from a balloon flight

at 140,000 ft elevation, launched at Minnesota on 29 July 1960 and which

recorded 7.8 ± 1.2 heavy primary terminating tracks cc- 1 day- 1 indicates

that the flux of slow heavy primaries does not increase appreciably while

the satellite is orbiting over the polar regions during quiescent solar

conditions.

*Abstract of a paper published as GRD Research Note No. 54, March 1961.
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Preliminary estimates of star production in the Discoverer XVIII

emulsions show that nuclear disintegrations with three or more asso-

ciated tracks accumulate with a frequency of about 6700 ± 500 cc- 1 day- 1.

This is about twice as large as can be anticipated from counter data

and emulsions flown in rockets from sites whose geomagnetic latitudes

extended between the equator and the polar regions. The slope of the

integral star prong spectrum indicates a component of low-energy star-

producing radiation which probably originates in the fringes of the lower

Van Allen belt that the satellite grazed during apogee.

The aluminum, iron, and lead inside the satellite capsules are

being analyzed by radiochemical techniques for long-lived radioactive

spallation products. Preliminary reports from the Ha•rvard Astrophysical

Observatory, the Brookhaven National Laboratory and the Enrico Fermi

Institute, where these studies are being conducted, indicate greatly in-

creased yields of radionucleides in the metallic components of the satel-
lite capsule exposed to the flare as compared with iron and stone mete-

orites. The yield of tritium is particularly high and the ratio of H3/Ar 3 7

observed suggests that primary tritium nuclei may be accelerated during

the 3+ solar flare.
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RADIOACTIVITY PRODUCED IN DISCOVERER XVII
BY NOVEMBER 12, 1960

SOLAR PROTONS*

John T. Wasson
Geophysics Research Directorate

Air Force Cambridge Research Laboratories
Bedford, Massachusetts

ABSTRACT

Scintillation- spectroscopy measurements on a AgBr emulsion
block from Discover XVII, which was flown during a period of high
solar cosmic-ray activity on November 12 1960, reveal a gamma-
ray spectrum attributable to 8. 4-day Ag106. The disintegration
rate, corrected to a probable prodtction time of 2200 UT,
November 12, 1960, is 14 dis sec -. If one assumes a (p, pn) cross
section of 100 mb, and applies the thin-target formula for produc-
tion of radioactivity, this corresponds to a total proton dosage of
about 1. 6 x 100 protons cm- 2 within the emulsion, and to a value of 16
rads radiation dosage. An attempt to measure the gamma spectrum
of 40-day Ag 1 05 was unsuccessful, allowing the assignment of an
upper limit on the disintegration rate of 1 dis sec- 1 at the time of
production. A search for 1. 3-year Cdl0 9 has been unsuccessful.

INTRODUCTION

The first observationI of high-energy cosmic rays generated by

the sun was on February 28, 1942. The large solar cosmic- ray effect

on November 12, 1960, was the eighth such event recorded, indicating

an average of one such occurrence about every 3 years. The fortui-

tous launching of the Discoverer XVII recoverable satellite during the

peak of the solhr activity has provided nuclear chemists with their first

chance to apply radioactivity techniques to the measurement of proper-
ties of the solar cosmic rays. The techniques involved are much the

same as those utilized during recent years to investigate long-and

short-term cosmic- ray intensities by studying long- and short-lived

radioactivities in meteorites.

* Published in J. Geophys. Res. 66 2659-2663 (1961)
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The maximum in the intensity of the November 12 cosmic- ray

increase as measured by neutron monitors at middle latitude stations

in North America 2 occurred at about 2000 UT . Discoverer XVII was

launched toward the south at 2042 UT and was above the sensible atmos-

phere 3 by about 2045 UT. It went into a polar orbit, with an apogee

of 993 ± 4 km occurring at 200S, and a perigee at 188 ± 3 km occurring

at 18ON. The period was 96.4 min and the total time in orbit was

49. 8 hr, after which time it was retrieved in midair over the Pacific

Ocean. The next giant solar flare producing high-energy cosmic rays

occurred 1 day later, on November 15, 1960.

The energy spectrum of solar cosmic rays falls rapidly with energy

above a certain energy value, 4 roughly as E-. The exact point where

this rapid fall commences varies with the time after the flare, occurring

at about 1 bev for prompt particles from the flare of February 23, 1956,

and at about 200 Mev 19 hours after the same flare. Below these ener-

gies the spectrum changes much more slowly with energy. The lower

limit on the energy is given by Winckler as about 40 Mev, although this

is very uncertain. We shall assume that the primary protons that pro-

duced radioactivity in Discoverer XVII were in the energy range 45 <E

<400 Mev, where the lower limit is given by the energy of the protons

necessary to penetrate the smallest amount of absorber seen by the

sample.

The geomagnetic cutoff for protons of this energy occurs at about

600 geomagnetic latitude. The earth's magnetic field was disturbed by

a major magnetic storm during the exposure period, however, so we shall

assume a modified cutoff latitude of 500. A calculation on this basis

indicates that the satellite was bombarded by protons in the given energy

range during 45 percent of its orbit.

Since it was launched toward the south, Discoverer XVII was first

above 500 latitude about 30 minutes after it was launched, or about
70 minutes after the time of the maximum cosmic- ray intensity, which

occurred at about 2000 UT. According to Steljes, Carmichael and

McC racken2, this maximum in the neutron- monitor measurements was
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the result of earth moving into a region containing magnetically trapped

particles from a flare that occurred on the sun at 1320 UT. Thus, the

satellite started sampling almost 8 hours after the actual occurrence

of the flare on the sun.

The chemical composition of the primary components of solar

cosmic particles has not been measured, but the characteristics are

consistent with an assignment of a proton beam. 4 The stellar abun-

dance data of Aller5 gives a ratio of hydrogen to helium of about 7:1,

which should be a lower limit for flare particles. All other elements

are less abundant than hydrogen by a factor greater than 1000. This

agrees well with the abundance given by Ney 6 for galactic cosmic rays.

We have assumed that all the observed radioactivity was produced by

protons.

Although optical measurements on flares indicate a duration of only

a few minutes, the flare particle flux at the earth lasts much longer.

Neutron monitor measurements indicate a period of about 1 hour for the

flux to rise and peak, at which time it falls proportional to the inverse
4

square of the time. The data obtained from Geiger-counter measure-
ments made on Explorer VII during the period November 12-15, 19607

can be interpreted as fitting a t" 2 decay following the November 12 flare.

RESULTS AND DISCUSSION

The observed radioactivity was produced in a AgBr emulsion block

belonging to H. Yagoda, at AFCRL. This block was composed of Ilford

G5 emulsion, measuring 10 x 15 x 1. 3 cm. Our measurements were on

a total weight of 698 g (total weight flown was 772 g) of which 330 g were

silver, 261 g were bromine, and the remainder was gelatin. The mini-

mum absorber path seen by the surface of the emulsion was 2. 2 g cm-2

and this covered a solid angle of 3 steradians. The remaining solid angle

had absorber thicknesses varying between about 5 and 25 g cm 2 .

Soon after the recovery of Discoverer XVII, Yagoda suggested to us

that radioactivity might be detectable in his emulsion block (in which pre-

liminary trial developments showed deep blackening from the extreme
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exposure). (Subsequently a development procedure was devised which

suppressed the proton and alpha track background so that the. tracks of

slow heavy primaries of charge Z> 4 could be resolved at very high mag-

nification.) A gross gamma- ray spectrum t,,ken on November 21 during

a 1200- mn count with the emulsion block sitting on the face of a

3 x 3-in. NaI scintillation crystal and recorded in a 100-channel ana-

lyzer is shown in curve A of Fig. 1. Curve B was taken on November 22

during a 930-rmin count on an unexposed emulsion block. Curve C shows

the differential spectrum obtained by subtracting the blank count from

the count of the Discoverer XVII emulsion. The energy calibration

was obtained from the K4 0 and Th C"/ peaks in the background, and from

calibration of the detection system with known gamma-' ray standards.

The lower portion of Fig. 1 shows a known spectrum of 8.4-day

Ag 106, recently published by Robinson, McGowan, and Smith. 8 As can

be seen, the energies and intensities of curve C correspond almost

exactly to those given for Ag 1 0 6 , and we attribute the entire spectrum

below 1. 8 Mev to that nuclide, with the possible additional contribution

of an unknown species at about 1. 38 Mev. We are unable to assign the

high- energy peaks.

Ag1 0 6 was formed from Ag 1 0 7 by a (p, pn) reaction. This type of

reaction has the highest cross section of any type of reaction induced by

protons of energy 45 < E < 400 Mev incident on medium-Z targets, as

indicated by data given by Caretto and Wiig, 9 Ladenbauer and Winsberg, 10

Fink and Wiig 1 1 and Meadows. 12 The other (p, pn) products from stable

silver and bromine Isotopes are all too short-lived to have been detected

at the time of our measurements, about a week after the solar flare.
In order to obtain the total counting rate for the emulsion block, we

have counted a block of KCl having the same shape as the original emulsion
block, and containing 157 g K. From the known isotopic abundance and

half life of K4 0 , we have calculated the efficiency of the detector with

respect to 1. 5-Mev gamma rays emitted in the emulsion block. The value

obtained was 0.00614, or a geometrical efficiency of about 11 percent.

After multiplying the peak height by a factor of 0. 81 to correct for contri-
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bution from the Comptons from higher-energy gammas, by a factor
1. 13 to allow for self-absorption of the gammas in the source, and

allowing for the slight differences in absorption and in efficiency and

peak-to-total ratios of the 1. 46-Mev K40 gamma and the 1. 54-Mev
gamma, we obtain a value of 1.54 gammas sec- 1 of the 1. 54-Mev

transition. This corresponds to a disintegration rate of 8.4-day Ag106

of 6.58 dis sec-1 at the time of our measurement, or 14.2 dis sec-I

at an assumed time of production of 2200 UT, November 12, 1960. The

number of radioactive atoms of Ag 1 06 that would give this disintegra-
tion rate is 1. 49 X 10 7 atoms.

According to the preceding references given for proton-induced

reactions, the (p, pn) cross section peaks at about 30 Mev, and then levels

at a constant value for higher energies. The measured values vary from
about 60 to 600 mb. The present case is complicated by the nuclear
isomerism of Ag106. The 8. 4-day isomer has a 6+ spin, whereas the
24-min isomer has a 1+ spin. It is uncertain which is the ground state.

However, the data of Meadows, Diamond, and Sharp13 and Matsuo
(private communication, 1961) indicate that in this energy range the high-
spin state should be formed in a higher abundance than the low- spin state.
We shall assume a cross section, ao106 , for the production of 8.4-day

Ag106 of 100 mb, which is independent of energy.
From the thin-target formula,

Dp NIN 06N10 7 a1 0 6

the given values of a 1 0 6 , N 1 0 7 (the number of Ag107 atoms), and N106

(the number of Ag 106 atoms at the time of production), we can calculate
DV Pthe proton dosage within the emulsion block during the flare. The

value thus obtained is 1. 6 x 108 protons cm- 2. If we assume an isotropic
flux and that all protons entered through the 3-steradian 'window,' the

dosage in space was 6.6 x 108 cm- 2 . Furthermore, since the target was

clearly not thin (the smallest target thickness, 4. 5 g cm- 2 is just the
range of a 50-Mev proton in a AgBr medium), the stated value is only a
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lower limit. In an effort to correct for the fraction of the time during

which the satellite was below the geomagnetic cutoff latitude, we shall

assume that it sampled 45 percent of the time corresponding to a cutoff

latitude of 500. The integrated flux is then 1.5 x 109 protons cm- 2 .

It should be possible to obtain a value for the instantaneous flux

from our value of the integrated flux. Winckler, 4 gives the formula,

t 2

ot

where to is a constant equal to 1 hour, and corresponds to the beginning

of the t- 2 decay of the flux. Io is the flux at to, and I is the flux at a

time t> to. If our data are fitted to the curve obtained by assuming that

Discoverer XVII started sampling 7. 5 hours after the flare, an initial

value for the instantaneous flux of 6. 4 x 104 protons sec- 1 is obtained.

Van Allen7 reports fluxes measured by Explorer VII at 2330 UT on

November 12 and at 0356 UT on November 13 of 2.1x 104 and 1. 1x 104

particles cm- 2 sec- 1 . Cur calculated fluxes at these times are

3. 5 x 104 and 1. 7 x 104 protons cm- 2 sec-1, in satisfactory agreement

with Van Allen's results.

It is possible to calculate the radiation dosage from the value for the

proton dosage within the emulsion (1.6 x 108 protons cm- 2 ). If the

approximate energy of the protons entering the emulsion is 100 Mev, and

they pass through an approximate absorber thickness of 8.0 g cm- 2 , then

one can calculate from range-energy relationships that the average energy

loss is 50 Mev per proton. The approximate area of the emulsion having

an 8 g cm- 2 thickness is 88 cm 2 . From these numbers, plus the weight

of the emulsion, 698 g, the energy dosage per gram of emulsion can be

calculated. The value obtained is 1. 6 x 103 ergs g- 1, corresponding to

a radiation dosage of 16 rads. This compares with a value oi about 50 rads

obtained by Yagoda 3 from grain- density measurements on the same

emulsion. It should be noted, however, that Yagoda has measured the

total radiation dosage due to all types of radiations, whereas we have only

measured that fraction due to protons within the given energy limits.
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Cwing to the unfortunate interpretation of our original data (top

curves in Fig. 1) as indicating essentially no radioactivity, no attempts

were made to find additional activities until mid-January 1961, some

2 months after the flare. Possible activities still measurable at that

date included 40-day Ag 1 0 5 , 120-day Se 7 5 , and 1. 3-yr Cd 1 0 9 . Since

the emulsion block had now been developed, we isolated the silver from

1055
the hypo solution and looked for Ag10. An upper limit on the number

of atoms of Ag105 on November 12, 1960, of 5 x 106 was established.
On the chance that most of the radioactivity was still in the developed

plates, a new count was made on about 20 percent of the original sample.

No identifiable activity was observed. A search for Cd 1 0 9 from the
hypo solution that involved use of a low- background X-ray counter.

(Kalkstein, unpublished material) was also unsuccessful.

The method of studying radioactivity produced by cosmic rays offers

great promise for the measurement of high-intensity particle fluxes, as

those produced in the Van Allen belts or during solar flares. If one takes

advantage of the variation with energy of the ratio of the cross sections

for various reactions, as (p, pn) and (p, p2n), then not only the flux but

also the energy spectrum of these particle streams should be measurable

by such techniques.

ACKNOWL EDGMENTS

I would like to express my thanks to Dr. H. Yagoda for the sample,

and to him and my colleagues, Dr. P. J. Drevinsky, Dr. M. I. Kalkstein,

and Mr. K. Shivanandan, for several helpful discussions. I am also

grateful to Miss Anahid Thomasian and Mr. Edward C. Couble for per-

forming chemical separations, and to Dr. R. L. Robinson for the Ag 1 0 6

spectrum. This research was supported in part by the U. S. Atomic

Energy Commission.



123

REFERENCES

1. S. E. FORBUSH, Three unusual cosmic-ray increases possibly
due to charged particles from the sun, hyjs. Rev.,
70,771, 1946.

2. J. F. STELJES, H. CARMICHAEL, and K. F. McCRACKEN,
Characteristics and fine structure of the large cosmic- ray
fluctuations in November 1960, J. Geophys. Research, 66,
1363-1377, 1961.

3. H. YAGODA, Radiation studies from nuclear emulsions and
metallic components recovered from polar satellite orbits,
Geophysics Research Directorate Research Note No. 54,
to be published in report of COSPAR meeting, Florence,
April 10-14, 1961.

4. J. R. WINCKLER, Primary cosmic rays, and discussion, reprinted
in NASA Technical Note, D-588, December 1960.

5. L. H. ALLER, The Atmospheres of the Sun and Stars, Ronald Press
Company, New York, 1953.

6. E. P. NEY, Cosmic rays as received at the earth, Astrophys.
J. Suppl., 4,371, 1960.

7. J. A. VAN ALLEN, Explorer VII observations of solar cosmic rays,
November 12-23, 1960, Bull. Am. Phys. Soc. (II), 6,276, 1961.

8. R. L. ROBINSON, F K. McGOWAN, and W. G. SMITH, Decays of
Rh 1 0 6 and Ag166, Phys. Rev., 119, 1962, 1960.

9. A.A. CARETTO,Jr., and E.O. WHG, Interaction of yttrium with
protons of energy between 60 and 240 Mev, Phys. Rev.,
115, 1238, 1959.

10. I. LADENBAUER, and L. WINSBERG, Interaction of high-energy
protons and alpha particles with iodine-127, Phys. Rev., 119,
1368, 1960.

11. R.W. FINK, and E.O. WJIG, Reactions of cesium with protons
at 60, 80, 100, 150, and 240 Mev, Phys. Rev., 96, 185, 1954.

12. J. W. MEADOWS, Excitation functions for proton-induced reactions
with copper, Phys. Rev., 9, 885, 1953.

13. J. W. MEADOWS, R. M. DIAMOND, and R. A. SHARP, Excitation
functions and yield ratios for the isomeric pairs Br 8 0, 80m,
Co58, 58m, and Sc 4 4, 4 4 m formed in (p, pn) reactions,
Phys. Rev., 102, 190, 1956.



125

X-BAND 84-FT RADIO TELESCOPE

S. Basu and J. Castelli
Electronics Research Directorate

Air Force Cambridge Research Laboratories
Bedford, Massachusetts

During November 1960, personnel of AFCRL used the 84-ft radio

telescope at Sagamore Hill, Hamilton, Mass. on frequencies near

9600 Mcps in an effort to determine its general usefulness at frequencies

twice those of the upper useful limit for which it was designed. In all

cases the sun was used as the signal source. The receiving equipment

was a very stable total-power radiometer. Although this radiometer had

a high noise figure, its sensitivity was sufficient for solar work.
The first series of tests were made during the period of the transit

of Mercury across the sun on 7 November 1960. Multiple drifts of the

sun were made in closely controlled regions on that day. It was thought

that, if the path of Mercury passed over an extremely bright spot on the
sun, some eclipsing of the radio energy from the sun might possibly be

evident even though the ratio of the diameter of Mercury to that of the sun

is about 1 to 160. The multiple drifts were compared with the results taken

from artificial eclipsing of a number of solar maps available for the same

day. These included a 9600-Mcps solar map made at the Sagamore Hill

Radio Observatory by a method which will be described later in this paper;

a 3300-Mcps solar map prepared at Stanford University; an Adler Planetar-
ium solar photograph; and a Fraunhofer optical map. No conclusive proof

of radio eclipsing of the enhanced regions was found during the transit.

During this period, studies were also undertaken to determine the

actual beamwidth of the antenna at 9600 Mcps. (The theoretical value is
slightly under 6.0 minutes of arc.) Many drifts of the sun were made at

orientations of the feed rotated 900 from each other. The actual measured

half-power beamwidth was derived by inspecting the drift curves. The
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average value was found to be about 7 minutes of arc in both the E and

H planes.

Although the mesh of the dish has a transmissivity of only 6 percent

at 10 kMcps, the overall efficiency was estimated to be only about

15 percent. The greatest losses apparently were due to the departure

of the dish shape from that of a true parabola. Concurrent with reduced
main-lobe gain was the appearance of high side lobes. In spite of the

high side lobes, when the 84-ft antenna was operated at 9600 Mcps, the

main-lobe resolution proved very useful and made possible the construc-

tion of solar contour maps.
These contour maps were based on raw-data drifts of the sun taken

at three minutes of arc separation in declination and covering the range

from -18 to + 18 minutes from the center of true solar declination. The

drift curves are plots of antenna temperature vs. time at different declina-

tions. In order to convert them to plots of antenna temperature vs. posi-

tion on the solar disk, they must be transferred to a grid which has the

same declination and. hour angle as the two mutually perpendicular axes.
The scale of the spacing on the declination axis must conform to the scale

of the abscissa of the drift curve in order to obtain a circular disk of the

sun. The center line of the solar disk is positioned on the drift curve

and is then aligned with the declination axis on the prepared grid. A line
is drawn parallel to the hour angle axis at the declination of the particular

drift curve being used. Various antenna temperatures are marked on this

line as the declination axis is gradually moved up the center line of the
drift curve. The same procedure is followed with all the drift curves and,

then, constant temperature points are joined by means of a smooth curve

which does not cross itself at any point. These constant temperature lines

are the contour lines of the solar map. The photosphere may be drawn on
the grid sheet with its radius conforming to the grid scale used. Sample
maps are illustrated in Figs. 1 and 2.

The high points of these maps compare reasonably well with those

taken at 3300 Mcps at Stanford University. They lack some detail which
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has been 'washed out' by the side lobes and the somewhat less than

Ideal resolution. They are offered as an indication of what can be
worked out even with main-lobe beamwidths as great as 7 minutes of

arc. No similar maps in this frequency range have been noted by the

authors.
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FIG. 1. Map of sun at 9600 Mcps reduced from records taken
with 84-ft antenna at Air Force Radio Observatory, Hamilton, Mabs.
(Not corrected for antenna losses.) Time: local noon. Contour unit
is 1000 0K. Antenna pattern circular. Beam width approximately
7 minutes 0 seconds.
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FIG. 2. Map of sun reduced from records taken with 84-ft antenna
at 9600 Mcps at USAF Sagamore Hill Radio Observatory. (Not corrected
for antenna losses.) Time: 1700 UT. Contour unit is 1000*K. Antenna
pattern circular. Beam width ipproximately 7 minutes 0 seconds.
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PHOTOMETRIC OBSERVATIONS OF 6300A 0 1

AT SACRAMENTO PEAK, NEW MEXICO
DURING NOVEMBER 1960

S. M. Silverman
Geophysics Research Directorate

Air Force Cambridge Research Laboratories
Bedford, Massachusetts

W. Bellew and E. Layman
Northeastern University
Boston, Massachusetts

ABSTRACT

The results of the photometric observations of 6300A 0 I at
Sacramento Peak, New Mexico during November 1960 are presented.
The mechanism for production of the red line is reviewed and it is
concluded that the two step mechanism involving charge exchange
of O+ with 02 and the subsequent dissociative recombination of the
resulting O" can satisfactorily explain the observations during the
magnetically quiet periods and during the relatively quiet periods of
disturbed nights. Data relating to the largest photometric maximum
of the night, at 1000 UT, are reviewed and it is concluded that for
this maximum, a different mechanism must be operative.

1. INTRODUCTION
During November 1960, several active regions were present on

the sun. In particular, McMath plage region 5925 appears to have been
especially active from the time of its first appearance on 4 November on
the east limb of the sun until 20 November when it had passed the west
limb. Class 2 and 3 flares were reported on 2, 4, 5, 6, 10, 12, 13, 14,
15, 18, 19, 20, 22, 24, and 28 November. During this period three sea-
level cosmic- ray increases were reported: on the 12th, 15th, and 20th.
A number of other geophysical effects were also noted during the period
under consideration. A summary of the major geophysical events during
this period (prepared by T. Obayashi) is shown in Fig. 1. In this paper,
the photometric observations of the forbidden red line of atomic oxygen
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at Sacramento Peak, New Mexico will be reported. The emphasis vAwU
be on the variation of intensity with time in order that comparisons with

other geophysical phenomena can be carried out.
The airglow photometer at Sacramento Peak is a modified version

of the three-color birefringent photometer designed by Dunn and Manring. 1

A survey of the sky for a single color consists first, of a reading of the

zenith intensity, and then of continuous scans of the azimuth at zenith

angles of 401, 550, 700, 750, and 800. Past experience at Sacramento
Peak has shown that, with the exception of during very severe magnetic

0

storms, when auroral activity is present, the oxygen red line, 6300 A,
0

is typically greatly enhanced and the oxygen green line, 5577 A, is only

slightly or not at all enhanced. Consequently on these nights, the observer

normally makes many more surveys of the red line and only a few observa-

tions of the green line.
Before proceeding with the description of the observations it is

worthwhile to present a brief description of the typical behavior of the

red line at Sacramento Peak. Typically, after sunset, there is a large

twilight enhancement which, after a period of hours, decreases to a
relatively steady value. This value is then maintained until shortly before

dawn when a rapid morning twilight enhancement occurs. Large fluctua-

tions of intensity during the night are rare. With this behavior in mind,

we may proceed to a discussion of the observations on individual nights.

Calibration of the instrument has been carried out for the green line

of atomic oxygen by comparison with the National Bureau of Standards

portable photometer. The calibration factor for the red line is then calcu-

lated from the green line factor by assuming that the filter characteristics

for the green and red filters are the same and by using the manufacturers

curve for the photomultiplier response. Both of these assumptions are

in the process of being checked. The intensities, in rayleighs, given in

this paper thus have a provisional character.

2. THE OBSERVATIONS

Almost every night in November for which -bservations are available
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shows some unusual feature. Each night will be discussed separately.

Plots of zenith intensity vs. time are shown in Fig. 2 for each night.

In Fig. 3, the intensities for zenith and for zenith angle 800 looking south

and looking approximately north northeast are shown with a logarithmic

intensity scale so that comparison of the time variations in different

directions may be more easily made. The north northeast is normally

the direction of maximum auroral activity.

The intensity ratios of different azimuths for a trace at a given

zenith angle can be readily intercompared. The intensity ratio of the

800 trace to the zenith is less reliable for instrumental reasons and

because corrections for extinction and for difference in path length for

auroral geometry are difficult to make. All times, unless otherwise

stated, are universal time.

November 9/Z10 MST (Nov. 10 UT) Observations were made at 10-rmin

intervals from 0140 to 0300, at 30-min intervals from 0500 to 0755, with

no observations from 0300 to 0455. For most of the night, the behavior

appears to be what would be expected. An unusual feature occurs at
0220 where the intensity of the 800 NE point is approximately 25 percent

greater than expected.

November 12/13 MST (Nov, 13 UT) This is the night following the flare

at 1323 UT on 12 November, which produced the first large cosmic-ray

increase. The most spectacular aurora seen in years occurred at this

time. Visually the initial sighting was made only 40 minutes after sunset.

The first photometric maximum occurred at 0130, only 12 hours after

the flare. A second maximum occurred at 0330. The greatest visual

display of the night started about 0600 UT (2300 MST) and reached a

peak at about 0630 UT. The maximum red line activity occurred later,

about 0900 UT and reached a peak about 0945 UT. A comparison of the

800 NNE intensities with the zenith intensities indicates a movenmnt to the

south of the red line activity from 0700 (0000 MST) to about 0830 (0130 MST),

and a subsequent northward movement most marked about 0930 (0230 MST).
The maximum intensity in the NE was of the order of 50,000 rayleighs

compared to typical values for other nights in November of the order
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of 50 to 100 rayleighs. At 1000 UT the zenith and the 800 trace to the

south have maxima of 5,000 rayleighs.

November 13/14 MST (Nov. 14 UT) This night exhibits a red enhance-

ment, that is, a definitely greater intensity in the north northeast than

at other azimuths. The intensity variations during the night, however,

show only small fluctuations, and, in general, are similar to those of

a normal night. The intensity level of about 200 rayleighs for 800 NNE

is, however, some 3 to 4 times greater than those of other nights in

November. What we appear to have here is a persistence of the previous

night's activity. This phenomenon has also been noted for other aurorae

at Sacramento Peak.

November 15/16 MST (Nov. 16 UT) Observations were made at 5 or

10 minute intervals from 0430 to 1125. The intensity variations during

the night were typical of those seen on an auroral night. The maximum
photometric intensity occurred at about 0500 (2200 MST) and was of the

order of 2 kilorayleighs, toward the NNE and of the order of 60 rayleighs

in the zenith. Other intensity maxima occurred at 0630 (2330 MST) and

0715 (0015 MST). The intensity level for the last part of the night is

about 200 rayleighs for 800 NNE, about the same as for the night of

November 13/14.

November 16/17 MST (Nov. 17 UT) Only four points are available for

this night, from 0155 to 0355 MST. The intensities of these points are

normal.

November 18/19 MST (Nov, 19 UT) Observations were made at half-hour

intervals for most of the period from 0325 to 1150. The intensities fluc-

tuated about a mean of 40 rayleighs at the zenith. There appears to have
been a peak (particularly on the 800 ZNNE trace) at about 0425 UT.

November 20/21 MST (Nov. 21 UT) Observations were made at half-hour

intervals from 0225 to 1155. This night shows most unusual behavior. The

intensity variations are typical of auroral activity during the night. The

intensity level, however, is not much greater than the normal. At least

three intensity maxima are evident, at 0255, 0555 and 0725, and the largest,
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at 0555, is only about 110 rayleighs for the 800 ZNNE point. The

most remarkable feature of the night, however, is the lack of direc-

tionality of the variations. The entire sky appears to change in

intensity at the same time and to the same extent. The typical enhance-

ment in the north northeast is missing.

November 21/22 MST (Nov. 22 UT) Observations are available at

half-hour intervals for almost the entire period from 0125 to 1155.

The intensity fluctuations are not too marked during the night though

there appears to be a maximum at 800 ZS at 0525 (2225 MST). The

unusual feature of this night is an enhancement in the north northeast

which disappears rapidly between 0855 and 0925.

November 22/ 23 MST (Nov. 23 UT) Observations were made at half-

hour periods between 0125 and 1155. A slower than normal decline of

intensity occurs for the first part of the night with a peak being present

at 800 ZS at 0225, with the intensity ratio of the south to northeast being

atypically high.
November 28/29 MST (Nov, 29 UT) Observations are available from

0155 to 1155. The intensity level during the night was somewhat higher

than normal. The 800 ZS point shows a broad maximum during the night

at about 0700.

The comments above give the general picture of the photometric
0

observations of 6300 A 0 I at Sacramento Peak, New Mexico during the

month of November, 1960.

3. DISCUSSION

The results given above provide us with a comparison of the red line

behavior for one or two relatively quiet nights during November 1960 with

the behavior during a very active period. A good deal of other data was

taken throughout the world during this period and much of this is gradually

appearing in the literature. In this paper, the discussion will be limited

to a few points of interest and no attempt will be made to give a complete

picture of the observed phenomena.
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The theory for the production of the red line emission has been

most fully treated by Chamberlain 2 and appears to be due to the following

sequence of reactions:

0 ++0 2 --- 4O , (1)
and a d02+ + e )0- 1+ 01 (2)

(2

An alternative mechanism, proposed originally by Bates and

Massey, and utilized in a recent paper by King and Roach 3 makes use

of the following sequence of reactions:

0++ N2 --,NO+ + N (3)

NO+ + e--N+ 0 (4)

or, NO+ + e--N' + 0 (5)

The O indicates an excited oxygen atom in the 1D level, the upper state

for the red line emission. For either mechanism, the dissociative

recombination step is considerably faster than the other, which thereby

becomes the rate determining step. Hence, if each recombination leads

to the emission of one red line quantum (at either 6300 A or 6364 A),

the emission per cubic centimeter per second is:

e = kI rnO2)n(O+) (6)
or, S= k3 n(N 2 )n(O+) , (7)

depending on which mechanism is correct. The emission at 6300 A

will be 3/4 of the total.

If we now make the assumption that n(O+ )+ ne then the integral of

the emission over the height can be represented by a constant times the

parameters r(0 2) and Jnedh or n(N 2 ) and /nedh, where 402) or

r(N 2) is related to the mean density of 02 or N2 and f nedh is the inte-

grated electron density of the F2 layer, then the photometric intensity

of 6300 A at the ground becomes



137

Q=-3ki fl0 2)fnedh= Cf1(0 2) Jnedh , (8)

or,
Q= C2 n(02 ) (foF2) 2

and
Q k dh= IC 3 n(N2) fnedh , (10)

where foF2 is the critical frequency for the F2 layer. Furthermore,
if the oxygen density remains constant over the period of observation,
then the airglow intensity is directly proportional to the integrated elec-
tron density.

Chamberlain's 2 treatment predicts that for the twilight and night,
the red line intensity should vary hyperbolically with the time after iono-
s*"ieric sunset. This appears to be valid under normal conditions.

For the period of the November events, however, major ionospheric
storms occurred. We are interested here in seeing to what extent the
theoretical predictions are valid under these conditions. We consider
first the dependency on electron density. The ionospheric data from
White Sands, New Mexico, show a definite decrease in the F2 critical
frequency between the early morning of November 10 and the night of
November 13/14.

Consequently, there must be either a decrease in the total electron
content in the F2 region or a change in the electron-density profile. To
decide between these two possibilities, we make use of the moon reflec-
tion experiment carried out at Jodrell Bank during this period. Iono-
spheric data from England show the same decrease in critical frequency

as the White Sands data. In the moon reflection experiment, Faraday
rotation is utilized to measure the total electron content of the ionosphere.

Taylor4 has reported that, from the Jodrell Bank data, the total electron
content of the ionosphere decreased considerably between 11 November
and 14 November. Hence, it follows from comparison with the English
data, that the drop in critical frequency at White Sands was associated
with a drop in total electron content rather than with a change in the electron
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density profile. At the same time, however, the red line intensity on

13/14 November averaged almost twice as high in the zenith as on

9/ 10 November. The intensity thus varies inversely with SOnle function

of the electron density. This unexpected result, apparently ilr contradic-

tion to the theory, can be satisfactorily explained if during the storm

there is an increase in the mean density of molecular oxygen fr nitrogen,

as can be seen from Eqs. (8) and (10). Seaton 5 had proposed such an

increase to explain the drop in critical frequencies during major iono-

spheric storms, and King and Roach 3 have also used this idea in their

interpretation of the aurora of 27/ 28 November 1959. In order to test

this idea we note from Eqs. (8) and (10) that the ratio W/a nech should

be equal to the density of 02 or N2 between the limits of integration.

Calculations of the electron-density profiles from the minimutn of the

F layer to the height at which the electron density is a maximum at White

Sands, New Mexico, are available from CRPL, National Bureau of

Standards. Since the major part of the red line emission occuirs below the

height for which the electron density is a maximum we assume that the

contribution of the integrals in Eqs. (8) and (10) above this height can be

ignored. The variations in density at different heights during the November

events have been obtained from satellite orbit meaurenents (Groves 6 ;

Jacchia 7 ) and the form of these variations should be the same as those

obtained in a plot of Q / fnedh. In Fig. 4, this ratio is plotted for the

period from 9 November to 15 November, together with the density obtained

from satellite measurements (Groves 6 ). it will be noted that the form of

this plot is very similar to that obtained from satellite data, and that the

ratio of the maximum to that on 10 Novem),er is about the sante as the

ratio obtained from satellite data.

We also note in Fig. 4 that, while the general form of the two curves

is similar, the airglow data lag behind the satellite data by about 18 hours.

The airglow curve is constructed by using the average values of the ratio

during the relatively quiet parts of the night, and thus represents a nightly

average. If the molecular oxygen density at these altitudes is built up during
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the day and destroyed during the night by charge exchange and disso-

ciative recombination, then the lag between the two curves could be

explained. It is not yet known, however, whether this is actually the

case, and comparisons for other periods need to be made before the

theory outlined here can be considered satisfactory. It must be em-
phasized that the theory is only tentative in nature since other factors,

such as large vertical movements of the electrons from day to day,

could also affect the result. For the points shown in Fig. 4, the mini-
mum heights of the electron density profile were uncorrelated with the

calculated molecular densities. It is clear, however, that a more com-
plete theory will have to take account of these factors.

It appears from the foregoing discussion that the red line intensity
during the relatively quiet parts of auroral nights can, on the whole, be

satisfactorily interpreted on the basis of charge exchange and subsequent
dissociative recombination. We must still consider the red line behavior

during the most active parts of the night. The most active period for the
night of 12/13 November was between 2230 and 0330 LMT, i. e., between
0530 and 1030 UT, 13 November. On this night, the largest maximum

occurred at about 0945 UT in the NNE and at about 1000 UT in the south

and in the zenith, with an earlier smaller maximum at about 0630 UT,
(see Fig. 3). This period corresponds to the maximum solar proton influx,
reported at Kiruna as between 0700 and 1100 UT. Since this period includes
hours of sunlight at Kiruna, the normal daily variation also contributes to

this maximum, causing difficulty in determining the exact time of maximum.
In this discussion, we shall focus attention on the maximum at 1000 UT.
This maximum showed a marked difference in the time at which it occurred

in the north and in the south. Furthermore, measurements by Saito8 on
the Japanese icebreaker Soya, at 230 geomagnetic latitude, show a maxi-
mum at 1030 UT, and no maximum between 1000, when the measurements

started, and 1030 UT. Measurements at Memambetsu in Hokkaido, Japan

(Huruhata 9 ), using primarily one- hour exposures on a patrol spectrograph,

also indicate a southward movement for the maximum of the red line intensity
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between 1000 and 1130 UT. Furthermore, the Stanford auroral radar

mentioned by Leadabrand, Jaye and Dyce, 10 showed unus-ally strý).!g

echoes from magnetic north at ranges of 1000C to 1400 km beginning at

about 0130 local time (0930 UT) and continuing at ranges of 800 to 1600 km

for about 30 minutes. These times correspond closely to the times for

which the red line intensity observed at Sacramento Peak was :it its maxi-

mum during the night.

All of the data given above indicate, therefore, that the photometric

maximum at about 1000 UT must be treated differently. The s;trong

auroral echoes indicate considerable additional ionization. Furthermore,

the intensity cannot easily be interpreted usLig the recombination theory.

As a tentative explanation of this maximum we propose that the maximum

is due to corpuscular bombardment resulting from the distortiorn of the

geomagnetic field, as proposed by Obayashi and Hakura1 1 for polar blackouts.

The latitudinal movements for the red line intensity maximum are

then similar to the movements of the southernmost extent of auroral black-

outs calculated from the magnetic data by Obayashi and Hakura.
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RADIOACTIVE COBALT AND MANGANESE IN DISCOVERER XVII
STAINLESS STEEL*

John T. Wasson
Geophysics Research Directorate

Air Force Cambridge Research Laboratories
Bedford, Massachusetts

ABSTRACT

Cobalt and manganese have been isolated from a stainless steel
battery case carried in Discoverer XVII. This satellite was launched into
orbit on November 12, 1960, at which time the Earth received an intense
cosmic- ray bombardment in connection with a solar flare. Fireman,
DeFelice, and Tilles 2 have previously found tritium and argon- 37 activities
in the same sample used in this investigation. Radioactive cobalt-57 was
found which had a decay rate of 24 dis mrin-1 ppr kg of steel on November 12,
1960. This corresporils to a total of 1.3 x 10' atoms of cobalt-57 per kg,
compared to 4. 8 x 100 atoms of tritium per kg of steel on November 12, ,960.
This clearly indicates that the tritons were not produced by an FeS6 (a, H1)
Co 5 7 stripping reaction of the iron-56, which is about 64 percent abundant in
the stainless steel. Detailed measurements are in progress which may reveal
manganese and other cobalt activities in the sample.

The Discoverer program of recoverable satellites has allowed the

use of radiochemical techniques in the study of extraatmospheric

corpuscular radiation. This letter reports* the measurements of radio-

activity due to cobalt and manganese isotopes produced by irradiation of

a stainless- steel battery case flown in Discoverer XVII. This satellite

was launched into a polar orbit at 2042 UT on November 12, 1960, a time

when the earth was receiving an intense bombardment of solar protons

associated with the 3+ solar flare which occurred at 1320 UT on the same

day. The apogee of the orbit was 993 km at 20 0 S, and the perigee was

188 km at 180N. The vehicle was aloft for about 50 hours. The integrated

flux of protons (E > 30 Mev) and alphas (E > 120 Mev) measured by

* Paper delivered at the First Western National Meeting of the AGU,
December 27 to 29, 1961.

t This research was supported in part by the U.S. Atomic Energy
Commission under contract No. AT(49-7) - 1431.
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Explorer VII during this period has been given by Van AllenI as about

109/cm 2 sec.
Various measurements of radioactivity present in Discoverer XVII

have already appeared in the literature (Fireman. DeFelice. and Tines; 2

Stoenner and Davis; 3 Wasson 4 and others). This letter concerns the
measurement of 270-day Co 5 7 and its bearing on the possibility that the

tritium measured in the same sample by Fireman, DeFelice, and Tilles
was produced by proton stripping of solar alpha particles. It also reports
upper-limit values for the nuclides, 77-day Co 56 , 5.2-year Co60, and
300-day Mn 54 , none of which were present in measurable amounts.

The chemical handling of the stainless-steel sample is as follows.
A mass of material totaling 167 g was fused by Fireman et al. in order to
remove the hydrogen and argon. We were then given this fused sample
which, due to various handling losses, totaled 150. 2 g. This was dissolved
in HC1, with oxidation by HNO 3 and H 20 2 to insure that the iron was in the

ferric form. The ferric chloride complex was extracted from an 8N
HC1 medium into isopropyl ether. (The solar protons should have produced
2.6-year Fe in good yield. The specific activity should have been quite
low, however, and it would have been impossible to count the X rays from

this species, which decays only by electron capture. Thus, we did not
purify or count the iron fraction) The iron-free solution (predominantly
Cr and Ni) was made ION in HC1, and placed on twelve Dowex- 1 anion-
exchange columns, each of about 15 ml capacity. The Cr and Ni fraction

(containing some Mn) was eluted with ION HC1. The Mn fraction was
eluted with 6N HC1, and the Co fraction with 4N HC 1. Any ferric iron not
removed by the ether extraction was left on the column. The Co was puri-
fied by placing it on a single, fresh Dowex- 1 column, eluting with ION and
6N HC1, and finally removing the Co with 4N HC1. It was then electro-
plated on Pt from a NH 4OH-NH4 C 1 medium, dried, and weighed.

The Mn fraction was taken to dryness and then dissolved in IN HCI
containing 0. 2 percent H20 2. This was placed with a few mg of Ti+ 4 on

a Dowex 50W cation-exchange column and the column eluted with IN HC1
containing 0. 2 percent H20 2. The Mn was followed with a benzidene spot
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test procedure, and came off a few column volumes after the Ti+ 4 .

The Mn was precipitated as MnNH 4 PO4 . H 20, dried overnight in a

desiccator, and weighed.

The stainless steel was type 304. This steel was manufactured

by the Allegheny Ludlam Steel Corporation and has the following speci-

fications: Cr, 18-20 percent; Ni, 8-12 percent; Mn, < 2 percent;

Si, < 1 percent; and C, < 0.08 percent. There is no specification on

Co, but a representative of Allegheny Ludlam estimated that the concen-

tration might be about 0. 15 percent. Thus, the masses of Co and Mn

expected from a 150 g sample are 225 mg and < 3 g, respectively. The
mass of Co electroplated was 182. 3 mg, or a chemical yield of about

81 percent. This is in accordance with previously measured yields of

75 ± 10 percent obtained from this procedure. The mass of Mn counted

was 152 mg, or a chemical yield of > 5 percent. We shall assume a

chemical yield of Mn of 10 percent. It is not clear where the remainder

of the Mn was lost, although a certain amount was definitely in the Ni-Cr

fraction from the anion exchange separation.

The Co was counted on the face of a 3 in. x 3 in. NaI crystal, with

the pulses sorted on a 100-channel pulse-height analyzer. No peaks due

to Co60 or Co56 were visible in the singles spectrum, but a definite peak

was observed at about 0. 130 Mev due to the 93 percent-abundant 0. 123-Mev

and 7 percent- abundant 0. 137-Mev gammas associated with the decay of

Co57 (Crasemann and Manley). 5 Figure 1 shows the spectrum obtained

on September 3, 1961 along with a background spectrum. The net counting

rate was 0. 57±0. 07 cpm, corresponding to a disintegration rate of 1.35 ±

0. 20 dpm. This represents a specific activity in the original sample of

24 dpm/kg on November 12, 1960, or 1. 3 x 107 Co 5 7 atoms/kg. The

concentration of tritons found by Fireman, DeFelice and Tilles in this

stainless steel sample was 4.8 x 108 tritons/kg. If these tritons were

produced entirely by stripping protons from solar alpha particles, one

would expect that about 64 percent, or 3. 1 x 108 tritons/kg, would be pro-
56 3 57 5duced by the Fe (a, H3) Co reaction on the Fe 5 6 nuclei which were

64 percent abundant in the stainless- steel sample. Our value for the con-
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centration of Co57 is a factor 23 lower than that expected on the basis

of this method for triton production, and this indicates that some other
explanation is necessary to account for the presence of these particles

in such high concentrations. Fireman, DeFelice and Tilles believe that

the tritons must have been present in the original beam of particles
ejected from the sun, although a small fraction may have been due to
trapped tritons encountered by the vehicle as a result of its high apogee.

An alternative and more satisfactory explanation for the presence

of the Co57 is the production of this species and 36-hour Ni 5 7 by the
action of protons on Ni 5 8 , which is about 7 percent abundant in the stain-
less steel. The (p, pn) and (p, 2p) cross sections* for low-energy protons

have been measured by Kaufmann6 (E , 19 Mev) and Cohen, Newman, and
7 p

Handley 7 (Ep= 21. 5 Mev). Both of these studies show that the (p, 2p)
cross section (app) is about three times larger than the (p, pn) cross section
(apn). If we assign constant values of app = 450 mb and crpn = 150 mb
above a threshold energy of about 16 Mev, it is then possible to calculate

the integrated flux (Dp) of protons (Ep > 16 Mev) that impinged on the
battery case. A lower limit on this proton flux is given by the thin target

formula,

N5 7

Dp= N5 8 (app+ opn)

where N 5 7 is the concentration of Co 5 7 P 1. 3 x 107 atoms/kg, and N5 8 is

the concentration of target Ni58 atoms, 7.4 x 1023 atoms/kg. The integrated
flux is thus estimated as 2.9 x 107 protons/cm 2 . This is a factor 5 lower

than that estimated in an earlier study (Wasson4) on the basis of the pro-
duction of 8.4-day Agl06 by a (p, pn) reaction on Ag107 in a AgBr emulsion

* The notation (p, pn) refers to a process in which a proton 'enters' a
target nucleus and a proton and neutron 'leave' the nucleus, with the net
result of a loss of one neutron by the target nucleus. The notation (p, 2 p)
refers to a similar process in which the net result is the loss of one protpi
by the nucleus. Cross sections e regorted in units of barns (1 b = 1
cm 2 ) and millibarns (1 mb= 10- 2 " cmz).
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block carried on Discoverer XVII. The discrepancy between the two

values is not surprising when one considers the variations in shield-

ing associated with the different locations of the target materials within

the capsule and the inherent inaccuracies involved in assuming an energy-

independent production cross section (in actuality, this factor shows a

strong energy dependence at energies lower than about 100 Mev).

As stated earlier, measurable intensities of gammas from Co60 and

Co56 were not present in the singles gamma spectrum taken on a

3 in. x 3 in. Nal detector in conjunction with pulse-height analysis. A

much more sensitive method for the measurement of these nuclides is

given by the technique of gamma-gamma coincidence spectrometry circuit.

Such an apparatus was assembled using two 3 in. x 3 in. NaI detectors in

conjunction with single-channel analyzers and a coincidence circuit. For

Co60, the single-channel windows were set to cover the energy range from

about 1. 1 to 1. 4 Mev. The efficiency of the detector system was calibrated

as 0.013 count per two coincident gammas in this energy region. We

estimate that the upper limit on the Co60 counting rate is <0. 35 coinc/ hour

After considering the efficiency of the counter, the weight of the sample,

and the chemical yield, we calculate a specific activity in the stainless

steel of < 3.8 dpm/kg on January 25, 1962, or ( 4.5 dpm/kg on November 12,

1960.

In order to count positrons, the single-channel windows were set to

cover the energy region from 0. 49 to 0. 53 Mev. The sensitivity of the

detector system for annihilation photons was calibrated as 0. 10 counts per

positron. We place an upper limit on the Co56 counting rate of < 0.42

coinc / hour, or < 4. 2 positrons/ hour. If we consider the weight of the

sample, the chemical yield, and that Co 5 6 emits positrons in only 20 percent

of its decays, we arrive at a specific activity of < 2.9 dpm/kg on February 19,

1962, or ( 150 dpm/kg on November 12, 1960.

We can assign an upper limit to the activity of 300-day Mn5 4 on the

basis of a gamma-ray spectrum taken on October 14 to 16, 1961. The

upper limit on the counting rate of < 0. 15 counts/ minute corresponds to a

disintegration rate of < 1. 2 dpm. After correcting for sample weight, the
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chemical yield, and decay, we calculate a disintegration rate on
November 12, 1960 of < 170 dpm/kg.

The disintegration rates and the total concentrations of radioactive
nuclei for the four nuclides sought in this study are summarized in
Table 1. All values are corrected for decay back to November 12, 1960.
The Co57 was probably produced from (p, 2p) and (p, pn) reactions on
N15 8 , as has already been discussed. It is interesting to consider
possible methods for producing the other three nuclides, and to compare
the necessary fluxes with that estimated from the Co 57 activity.

TABLE 1. Comparison of the Activities and the Total Concentrations
of Radioactive Nuclei for the Four Nuclides Sought in This Study.'

Nuclide, Activit.L dpmr/kg Number of nuclei/kg

Co 5 7  24. 1. 3 x 107

Co 60  <4.5 1.7 x 107

Co 56  <150. 2.4 x 107

Mn 5 4  < 170. 1.1 x 108

*All values are corrected for decay back to November 12, 1960.

There are two main mechanisms for the production of Co60: proton
reactions on Nj61 (p, 2p) or Ni6 2 (p, 2pn), or neutron capture by Co 59 .
Ni 61 is 60 times less abundant than Ni5 8 . Ni 62 is 17 times less abundant
than Ni 58 and the average (p, 2pn) cross section is probably at least a

factor of 5 lower than app. Thus, the flux of protons necessary for the
production of the upper-limit value of Co 60 from Ni isotopes would be

about 50 times greater than that calculated from Co57 production. The
integrated flux of secondary thermalized neutrons (produced by proton
interactions within the satellite) necessary to produce the Co60 can be
estimated as 3. 1 x 107/cm 2 on the basis of the 36-barn cross section and

the amount of Co59 in our sample. This is considerably higher than one
could expect on the basis of vehicle size and composition and the measured

proton flux.
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The absence of Co56 in concentrations higher than - 2.4 x 107

atoms/ kg is a rather interesting result, as Co 56 should be produced
by a (p, n) reaction on the highly abundant Fe56 nuclide. Thus, if the

cross section for this reaction were at least 120 mb and independent of

energy, then the proton flux estimated from the Co57 activity should
produce the upper-limit value for Co 56 . Since, however, the cross
section is energy dependent with a maximum higher than 120 mb
peaked in the 6- to 16-Mev region, the low concentration of Co 56 may
indicate that the energy spectrum of the protons striking the battery
case was constant or rising in the region 6 to 16 Mev, before starting
the steep fall (d N/dE c- KE n where 3 < n < 5) expected at higher energies.

Manganese-54 could be produced byprotons on Cr 5 4 , Mn55 , or Fe56 .

If it were produced from Fe56 by a (p, 2pn) reaction with a 50-mb cross
section, then the upper limit on Mn54 nuclei in the battery case would
indicate a maximum flux of 3. 2 x 10 protons/cm2, a factor of ten higher
than that estimated from the Co57 activity.

The use of radiochemical techniques for the measurement of radio-

activity of materials present in recovered satellites offers an inexpensive
method for obtaining data regarding the flux and energy spectrum of pro-

tons encountered by the vehicle during its time in orbit. The large un-

certainties encountered in the present ,ork can be lowered by a large
factor by reducing the shielding to a minimum and making definite measure-
ments of a large number of nuclides produced by reactions whose excitation

functions are well known.

I i
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MAGNETIC ACTIVITY ASSOCIATED WITH THE
12 NOVEMBER 1960 EVENT

Edwin J. Chernosky
Geophysics Research Directorate

Air Force Cambridge Research Laboratories

The geomagnetic phenomena receiving principal attention for study
purposes in the November event are the Sudden Commencements (SC)
and similar magnetic changes. The background magnetic activity also
deserves attention and it is to this aspect that this analysis is first

directed.
One worthwhile consideration related to interpretations of the event

is its status as a recurrent or nonrecurrent event. A recurrent event
is one which reappears at 27-day intervals, an interval corresponding to
the solar rotation cycle. By reference to Bartel's "Musical" diagrams
it is found that the 12-13 November dates were preceded by four intervals,
27, 54, 81 and 108 days earlier, which were definitely quiet intervals.1

The two intervals that followed, 27 and 54 days later, were moderately
quiet and quiet respectively. The Bartel's Kp values in the "Musical"
diagram are for three-hour intervals of the Greenwich Day.

The observation that the great terrestrial disturbance existed in a

sequence which was terrestrially quiet before and after it suggests again
that the greater disturbances are not connected with recurrent events as

has been noted in some studies.
Looking at the daily sequence of magnetic activity in the Au figures

there was noted an active disturbance on the 9th day preceding the great
storm. The 7th to 3rd days before the onset of the storm were very quiet,
however, before the gradual buildup into the big storm. This quiet period

in the days before a disturbance is evidenced in statistical studies of
selected disturbance and the preceding periods, although in November the
increase in the daily activity was less abrupt. 2 The statistical cases were
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selected for abruptness of onset. The daily A figure is derived by a
linear conversion from the semi-logarithmic Kp numbers. It reaches
a very high value of 280 for the 13th. (Chronological daily values of Ap
are 18, 52, 11, 6, 6, 3, 5, 6, 18, 67, 280, 49, 69, 94, 18, and 5.)

Other aspects of the geomagnetic background or history are also
pertinent to a complete study of any such activity. Here an evaluation
of the longer term trends in horizontal magnetic intensity (H) is made.
It is undertaken by a study of the successive daily mean values of H
recorded at stations from polar to equatorial latitudes. These graphs
are plotted from overlapping three 24-hr means centered at 1200 UT (dots),
1200 local time, and at a third hour midway in the 14 to 19 hours between
the 1200 hours noted. The 24-hr means are intended to minimize the
influence of the diurnal variation. The data for the month of November 1960
are shown in Fig. 1.

In the lower latitudes there is a gradual rise in H for several days
prior to about the 11th of November. It is followed on the next day by the
normal storm-time decrease which appears at its minimum on the 13th and
reaches very low values.

Following this storm minimum there is the usual postdisturbance
recovery for the several (usually 5 to 7) days following. It is during this
recovery phase, however, for the first great disturbance (beginning on the
12th) that the second storm occurs (beginning on the 15th). Occurrence of
the second storm before the magnetic field had returned to its prestorm, or
even its mean value for the month, suggests that it and related phenomena
must be considered separately, since its onset occurred under someWWat
different magnetospheric conditions than did the first.

An examination in Fig. 1 of the relative intensities of the two storms
shows the second storm to be less intense (does not reach as low values)
at low latitudes. In progressing poleward a study of the graphs indicates
the intensity of the second storm diminishes somewhat at the middle latitudes
relative to the first storm. Just south of the auroral zone at Sitka there
is little or no reduction of H and possibly an increase, over the mean value,
during the main part of the second storm.

I
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At College, in the auroral zone, the first and second storm are

related in effect as they are in the lower latitudes and attain the greatest

intensities (lowest minimum values) of all the latitudes studied. At

Pt. Barrow in the polar-cap zone, the second event is more intense than

is the first. If this effect is not due to instrumental instability or
measurement difficulties then further studies can be undertaken of effects

at the polar cap responsible for the anomalies noted.

Some of the details of the onset of the first magnetic storm are shown
in Fig. 2. The data are variable- area magnetograms obtained from the

Vestine-Chernosky pattern magnetographs located at Godhavn, Greenland;
Weston, Massachusetts; Fredericksburg, Virginia; and Huancayo, Peru.

Conventional records from Honolulu provide comparison (Figs. 3 and 4).

In the variable- area records a change in the magnetic field is noted

at 1325 UT on the 12th. (At Fredericksburg the film trace was being

changed at this time and includes a calibration at about 1330.) The

magnetic change at Huancayo shows an increase in H which can be con-
sidered similar to the onset of a magnetic 'crochet. ' At 1348 a much

sharper increase, which is denoted an (SC), occurs.

As a 3+ solar flare was started at 1323 UT and developed at 1325,
near Central Meridian Passage (CMP), the rise at 1325 can logically be

considered the beginning of a magnetic 'crochet' directly associated with

the solar flare, a crochet which later merged into the following storm

commencement.

The earliest observation of the association of a magnetic 'crochet'

to a solar flare was at Huancayo on 8 April 1936.3 That the 'crochet'
was quite pronounced can be attributed to its occurrence near local noon

and the sub- solar point. The magnetic onset on 12 November occurred

much earlier in the local daytime at the stations shown in Fig. 2 and this

timing of occurrence was probably responsible for the small changes,

which are here termed a 'crochet' also by the factor of simultaneity with

the solar outburst.

While this analysis is not complete it is felt the following factors

require attention.

If the flare with its associated crochet at 1325 on the 12th is related
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FIG. 2. Variable area magnetograms for the 12 November 1960 storm.
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to the Sudden Commencement storm beginning at 1348 on the 12th,
rather than the flare on the I1th, then a travel time (from sun to earth)
of only 23 minutes is required for solar corpuscles as compared with
travel times usually estimated at about an equivalent number of hours
by that theory. 4

This great disturbance was not a member of a recurrent sequence.
The previous history of the earth's magnetic field should be con-

sidered in the evaluation of a magnetic disturbance and related magneto-
spheric influences.

Differences in general character of the magnetic 'crochet' and the
Storm Sudden Commencement suggest different production mechanisms
for the two phenomena.
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